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A b s t r a c t
11
The use of SiGe/Si heterostructures in the fabrication of electronic devices results in 
an improvement of the device performances with respect to bulk silicon. Ion implantation 
has been proposed as one of the possible technologies to produce these structures and, 
thus, the aim of this work is to develop an ion beam technology to fabricate strained SiGe 
heterostructures.
The formation of extended defects in SiGe alloy layers formed by high dose Ge+ ion 
implantation followed by Solid Phase Epitaxial Growth (SPEG) has been investigated by 
transmission electron microscopy. Rutherford backscattering spectroscopy has also been 
used to determine the chemical composition and the crystalline quality of the synthesised 
structures. In addition, X-ray diffraction has been used to evaluate the strain level in 
selected samples. Two different structures have been studied in this project. The first 
consisted of “all-implanted” layers, where the Ge+ implants were followed in some cases 
by additional implants of Si+ and/or C+ ions, prior to SPEG, to investigate methods to 
inhibit defect formation. The second was achieved by capping the ion beam synthesised 
SiGe alloy layer by the deposition of a thin film of silicon, in order to realise structures 
compatible with device dimensions.
Single crystal device worthy SiGe alloy layers have been achieved by implantation of 
Ge+ ions at energies ranging from 70 keV to 400 keV, where the only extended defects 
observed are EOR defects at a depth correspondent to the a/c interface formed during the 
Ge+ implant. In some cases, “hairpin” dislocations have also been observed in the vicinity 
of the EOR defects and extending up to the surface. Both types of defects are annihilated 
after post-amorphisation with 500 keV Si+ and replaced with dislocation loops at a depth 
of about 1 pm. For each Ge+ implantation energy a critical value of the peak germanium 
concentration exists above which the structures relax through the formation of stacking 
faults or “hairpin” dislocations nucleated in the vicinity of the peak of the germanium 
concentration depth profile and extending up to the surface. A critical value of the elastic 
energy stored in the structures (~300 mJ/m2) has been determined above which ion beam 
synthesised SiGe alloys relax, independently of the implantation energy. This empirical 
approach has been found to successfully account for the results obtained in this work 
as well as in many other studies reported in the literature. “Hairpin” dislocations formed 
under different experimental conditions have been investigated by plan view TEM and 
have been found to have the same crystallographic orientation (<1 1 4>) and Burgers 
vector (b = |a <1 1 0>). Their formation has been explained within a “strain relaxation 
model”. For a regrowth temperature of 700°C, all samples investigated by XRD have been 
found to be almost fully strained, including samples containing relaxation-induced defects, 
indicating that, under these conditions, the energy transferred to the defects is very low. 
C+ co-implantation has been successfully used to reduce both relaxation-induced defects 
and EOR dislocation loops.
Is is noted that a mixed technology entailing both layer deposition and ion implanta­
tion to produce the Si/SiGe/Si device structures requires extra process steps to control 
surface contaminations, pre cleaning and/or native oxide formation, resulting in increased 
fabrication costs. In this work an ” all-implanted” route to the synthesis of Si/SiGe/Si 
device structures is therefore described, which exploits all of the advantages given by ion 
implantation.
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SIPOS - Semi-Insulating Polycrystalline Silicon
SPEG - Solid Phase Epitaxial Growth
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TEM - Transmission Electron Microscopy
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C h a p t e r  1
I n t r o d u c t i o n
Silicon has been the dominant material in semiconductor microelectronics for the last three 
decades, during which time the continuous improvements in the speed and versatility 
of silicon-based devices have mostly resulted from the miniaturisation of the circuitry. 
This scaling down process has now become increasingly costly, while, on the other hand, 
silicon technology is approaching its physical limits [1]. In this respect, already in the 
1970s, a lot of research had been devoted to the development of new materials, such as 
III-Vs, to replace silicon in the future. In addition, the similarity in the lattice constant 
of some of the III-V compounds has made it possible to realise semiconductor alloys 
where the band gap can be tailored according to the particular device requirements [2]. 
For example, the position of the carriers in well defined regions of the structure can be 
controlled by use of “bandgap engineering” in MODFETs [3], whilst an increase in device 
speed can be achieved if a graded heterojunction is used [4]. An alternative approach 
to the problem has been to ’’limit” the materials to silicon-based heterostructures, or 
other chemically compatible materials, in order to retain the vast automated processing
1
2know-how and the vast capital investments of the silicon industry. Among the material 
systems investigated so far we can cite the Silicon On Insulator (SOI) system. It has 
been shown [5, 6] that the use of SOI substrates for the fabrication of Complementary 
Metal Oxide Semiconductor (CMOS) devices results in the reduction of parasitic effects 
between neighbouring devices and in an increase of speed. More recently, the SiGe/Si 
heterostructure has proved to be a particularly attractive material system thanks to silicon 
and germanium being totally miscible over the complete composition range. Germanium 
has a narrower energy bandgap than silicon, so that the presence of germanium results in a 
narrowing of the energy bandgap which can be exploited to achieve improved performances 
of electronic devices. Moreover, a further reduction in the energy bandgap is achieved 
if the material is strained by growinng the SiGe alloy pseudomorphically on the silicon 
substrate. However, a problematic aspect in the growth of SiGe alloy layers on silicon 
films is the control of the elastic energy due to the mismatch between the substrate and 
the alloy. Germanium has a lattice parameter that is 4% larger than that of pure silicon, 
so that, when critical values of Ge content and film thickness are exceeded, the elastic 
energy stored in the SiGe/Si structure may relax by the formation of extended defects 
[7, 8],
The potential advantages of heterostructures have been recognised since the 1950s [9], 
but until the 1980s no suitable growth technology existed to produce high-quality epilay- 
ers of SiGe alloys on single crystal silicon substrates. Several unsuccessful attempts where 
made in the early 1970s [10, 11, 12, 13, 14] until two promising heterostructures technolo­
gies appeared, which were initially developed to produce III-V compounds: Molecular 
Beam Epitaxy (MBE) [15,16] and Metal Organic Chemical Vapour Deposition (MOCVD)
3[17]. In particular, MBE was used to grow the first good quality pseudomorphic layers 
of SiGe on silicon [18, 19]. Over the last years, very high quality materials, as well as 
high speed electronic devices, have been fabricated in research laboratories using this 
technique [20]. High-quality structures and devices have also been achieved recently by 
using an optimised CVD technique: the Ultra High Vacuum/Chemical Vapour Deposition 
(UHV/CVD) [21]. However, considering the compatibility with current silicon integrated 
circuit fabrication lines, it has been found to be difficult and extremely costly to integrate 
these techniques into a standard bulk silicon process. For instance, production prob­
lems arise from the difficulty of achieving both good thickness and Ge content uniformity 
laterally over large wafers (6” and 8”). Therefore, considerable effort is directed to the 
development of an alternative route to achieve SiGe heterostructures. Being a high yield, 
mature technology ion implantation has been proposed as such an alternative. Indeed, 
ion implantation is already widely used in the semiconductor industry, mainly for the 
introduction of dopants in the device structures.
The use of ion implantation to synthesise SiGe layers involves high dose Ge+ implanta­
tions, generally in the order of 1016 ions/cm2. At these doses an amorphous surface layer 
may be formed, whose thickness depends on the energy of the implanted Ge+ ions and the 
power loading during implantation. As a consequence, a thermal process step is necessary 
to achieve Solid Phase Epitaxial Growth (SPEG) and defect annihilation. Ion implanta­
tion has some major strengths which make it an attractive technique, for example: (i) the 
straggle on the ion range ensures that the silicon/alloy interfaces are graded, which is de­
sirable for applications in bipolar transistors, as it can be employed to introduce a built-in 
electric field which increases the speed of the carriers in the base region of the devices; (ii)
4the ability to easily control the Ge concentration profile by the choice of ion energy and 
dose is a benefit as it facilitates bandgap engineering. This process has attracted much 
interest from both industrial and academic researchers. Many results are available in the 
literature [22, 23, 24, 25, 26, 27, 28, 29], reporting the synthesis of SiGe structures by 
high dose Ge+ implantation. Recently, SiGe-based Heterostructure Bipolar Transistors 
(HBTs) [30, 31, 32, 33] and Heterostructure Metal Oxide Semiconductor devices (HMOS) 
[34, 35] have also been fabricated using Ge+ implantation, which have shown promising 
performances compared to similar silicon control devices.
Many experimental and theoretical studies have been carried out in the past on SiGe 
epitaxial layers where the Ge content throughout the alloy layer is constant [7, 8]. In 
these studies the nature and the location of the extended defects have been determined, 
while the theoretical methods predict the critical values for the growth parameters. These 
models can not be directly applied to SiGe layers synthesised by ion implantation, where 
the Ge content is compositionally graded as a function of depth and, as a consequence, no 
abrupt compositional interface can be defined. In this respect, a few systematic studies 
of the problem have been done and indeed there is one theoretical model available in the 
literature dealing with the synthesis of SiGe alloys by ion implantation [23].
The aims of this research project are (i) to synthesise SiGe layers by high dose Ge+ 
implantation, (ii) to characterise the extended defects formed during processing, (iii) to 
develop a model to predict the critical peak germanium concentration (as a function of the 
implantation energy) above which the structures relax and (iv) to investigate techniques 
to inhibit defect formation, including post-amorphisation and C+ co-implantation.
5The assessment of the crystalline quality of the synthesised alloys and the charac­
terisation of the extended defects has been achieved by use of Transmission Electron 
Microscopy (TEM). TEM has a high sensitivity for detecting extended defects and three 
dimensional information can be extracted when plan-view and cross-section images are 
compared. In addition, TEM allows one to determine defect densities in the range of 106 
to 108 cm-2 that correspond to very low relaxation states.
Other experimental techniques have been implemented, including Double Crystal X- 
Ray Diffraction (DCXRD) and Rutherford Backscattering Spectroscopy (RBS).
This thesis contains seven chapters including this introductory one. A survey of rel­
evant publications is presented in chapter 2. Chapter 3 contains a review of the basic 
properties of Sii-aGe^ /Si heterostructures, including a description of the main theoret­
ical models of strain relaxation in mismatched epitaxial layers. In chapter 4 ion beam 
synthesis is presented as well as sample preparation methods and analysis techniques. 
The experimental results are reported in chapter 5. These include the identification of 
the critical implantation parameters for the relaxation of the alloys, the characteriza­
tion of the extended defects formed in the relaxed structures, the effect of some process 
parameters on the crystalline quality of the layers and the investigation of methods to 
control the elastic strain and the defects formation. Chapter 6 includes a discussion of 
the experimental results and a model for the strain relaxation of ion beam synthesised 
SiGe alloys is presented. Finally, the main conclusions and suggestions for future work 
are presented in chapter 7.
C h a p t e r  2
L i t e r a t u r e  s u r v e y
2.1 Introduction
The synthesis of SiGe alloys by high dose Ge+ implantation into silicon is still in an 
exploratory stage of research, however the use of Ge+ implantation to amorphise near 
surface layers of silicon as a means of inhibiting ion channelling to facilitate the formation 
of shallow junctions is already well established [36], Moreover, the crystal defects that 
arise during implantation (primary defects) or during annealing (secondary defects) have 
been the object of several studies (see references in [37] and [38]). As a result, Jones 
et al. [39] were able to develop a classification scheme that groups all secondary defects 
into five categories. This scheme was developed for the secondary defects formed in ion 
implanted silicon. Two of these categories are particularly relevant to our study and will 
be discussed in Section 2.2. Section 2.3 contains a review of the use of pre-amorphisation 
for shallow junction formation. Selected publications on the synthesis of SiGe alloys by 
Ge+ implantation will be presented in Section 2.4. Finally, Section 2.5 contains a review
6
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of the electrical characteristics of SiGe heterostructure devices fabricated using ion beam 
synthesis.
2.2 E x t e n d e d  defects formation in ion i m p l a n t e d  sil~ 
icon
During implantation the ions slow down and energy is transferred from the ions to the 
target atoms [40]. If this energy is enough to overcome the binding energy which keeps 
the target atoms in their lattice positions (typical value of displacement energy (Ed): ^ 15 
eV/atom), atoms can be ejected from their positions, creating a vacancy in the atomic 
array. A recoiling target atom may itself be sufficiently energetic to act as a secondary 
projectile which in turn displaces further atoms and produces a cascade of displacement 
collisions within which the crystal is highly disordered. Early experimental studies of the 
damage created by implantation (primary damage) were carried out during the late 1960s 
using several techniques, including channelled Rutherford Backscattering Spectroscopy 
(RBS) [41, 42], which was developed in those years and Transmission Electron Microscopy 
(TEM) [43, 44, 45], which had already been in use for many years. For example, it was 
found by Mayer et al. in 1967 [46] that for implantation doses of light ions below ~1014 
ions/cm2 isolated disordered regions are formed around the track of each implanted ion, 
whereas for doses of heavy ions greater than ^ 1014 ions/cm2 these regions overlap to form 
a continuous amorphous layer. In all cases a high temperature anneal (typically between 
550°C and 1000°C) restored the crystallinity of the implanted material, although this 
process could result in the formation of extended defects [45] (secondary damage). These 
defects have been observed under many different implantation and annealing conditions, 
so that the subject has been reviewed on many occasions [47, 37, 48, 38] and systematic
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classifications of such defects have also been attempted [49, 50]. Hereafter, we will refer to 
the classification scheme published by Jones et al. in 1988 [39]. The five categories iden­
tified by these authors, in which all the secondary defects are grouped, can be described 
with the help of figure 2.1 where the damage density distribution is combined with the 
concept of an effective Threshold Damage Density (TDD in figure 2.1) for the formation 
of an amorphous layer during implantation.
A B C
D E
Figure 2.1: Schematics of the relationship between the damage density distribution and the 
effective Threshold Damage Density (TDD) leading to the different categories of defects (from 
ref. [48]).
Type I secondary defects are formed when the implanted dose exceeds a critical value, 
while at the same time no amorphous layer is formed (see figure 2.1a). The critical 
dose for the formation of this type of defects (also known as “sub-threshold damage) is 
~1014 ions/cm2, typically corresponding to a critical peak concentration of x 1019
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atoms/cm3. More recently [51] it has been proposed that the “figure of merit” which 
determines the formation of sub-threshold damage is the number of displaced silicon 
atoms that are generated during implantation, the critical value varying with mass of 
the implanted species between ~1.5 x 1016/cm2 for nB to (1.5-2) x 1017/cm2 for 121Sb. 
Type I defects are typically located at a depth centred on the projected range (Rp) of 
the implanted species and mainly consist of perfect dislocation loops lying on {111} habit 
planes [52] with a Burgers vector of a/2 < 110 >. In addition to the dislocation loops, 
silicon implanted with low mass species, such as B+ or Ne+, and annealed at temperatures 
below 700°C, also show “rod-like” defects which have a {311} habit plane and a Burgers 
vector of a/4 < 116 > [53]. Both families of dislocations are found to be extrinsic, being 
formed during the annihilation of a supersaturation of interstitial point defects in the 
as-implanted material.
Type II defects, also known as End-Of-Range (EOR) defects, arise after Solid Phase 
Epitaxial Growth (SPEG) of an amorphous layer formed by implantation and are located 
below the amorphous/crystalline (a/c) interface in the as implanted material (see figure 
2.1b), which is typically positioned in the tail of the depth distribution of the implanted 
species. The nature of these defects will be discussed in Section 2.2.1.
Type III defects are associated with imperfect SPEG of any amorphous layer produced 
during implantation. They form above the a/c interface and extend up to the surface (see 
figure 2.1c). The major forms of type III defects include hairpin dislocations, which will 
be discussed in detail in Section 2.2.2, mierotwins [54] and segregation related defects [49].
When the damage density only slightly exceeds the TDD value, a buried amorphous 
layer can be formed, as schematically shown in figure 2.Id. Regrowth of such structures
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is initiated from both a/c interfaces and results in the formation of a layer of type IV 
defects which form at the depth at which the two advancing a/c interfaces intercept. 
These defects, also known as ’’clamshell” defects [55], consist of faulted and perfect dislo­
cation loops lying on planes parallel to the surface for both {111} [55] and {100} silicon 
substrates.
Type V damage forms when the solid solubility of the implanted species in crystalline 
silicon is exceeded. This will occur during high dose implantation. Therefore, amorphous 
layers are usually also formed in this case (see figure 2.1e). The defects are generally 
centred at the projected range of the implanted species and are associated with the for­
mation of a second chemical phase, typically precipitates of the impurities themselves, as 
in the case of antimony, indium, gallium, aluminium and boron [48] or compounds, such 
as silicides [56], following Co+ or Fe+ implantation. It is also possible that the precipi­
tation process is accompanied by the generation of a high concentration of point defects 
which coalesce to form extended defects, including dislocation loops and half loops, as in 
the case of high dose arsenic implants [39]. Finally, Jones et al. have reported that a low 
mass dopant such as phosphorus does not form visible precipitate related defects if the 
implanted dose is lower than 1 x 1016 ions/cm2 [57].
The work presented in this thesis involves the implantation of high doses of Ge+ ions 
to synthesise SiGe alloys. This implies the formation of surface amorphous layers during 
implantation. Therefore type I and IV defects are not expected to be formed in any of 
the synthesised structures. Furthermore, germanium is totally miscible with silicon and 
no solubility limit exists for this species. Consequently, type V damage is not expected 
to be formed in our material. The two forms of damage encountered in our research are
2.2. E X T E N D E D  D E F E C T S  F O R M A T I O N  IN I O N  I M P L A N T E D  S I L I C O N 11
End-Of-Range (type II) and ’’hairpin” (type III) defects, which will be discussed in detail 
in the two following sections.
2 .2 .1  End Of Range defects
The first studies of residual damage in epitaxially regrown amorphous layers produced by 
ion implantation were concerned with the implantation and annealing of dopant implanted 
silicon. Tamura et al. [58] reported in 1971 that dislocation loops created in 50 keV 
P+-implanted layers after annealing at 800°C were confined to a depth about twice the 
projected range (Rp ~60 nm) of the P+ ions below the surface. Similar results were 
reported for the case of high dose As+ implants [59, 60, 61, 62], although in most cases 
the experiments were complicated by the fact that the samples were implanted through a 
silicon oxide mask, which introduced extra defects caused by the knock-on of the oxygen 
atoms. Moreover, precipitation related defects were also reported in these structures, due 
to the relatively high doses used ('-'•TO16 ions/cm2). In order to eliminate undesired “side 
effects” Glowinski et al. studied in 1975 [63] the secondary defects formed in 200 keV Si+ 
implanted silicon to a dose of 1016 ions/cm2 and confirmed that after a 800°C anneal, a 
thin layer (~50 nm thick) of dislocation loops was located at a depth of ^ 0.5 pm below 
the surface, corresponding to the position of the a/c interface in the as-implanted sample. 
Later workers [64] reported that the defect layer is systematically located “just below” 
the former a/c interface.
Early studies, published during the 1970s, of the crystallographic orientation of the 
EOR loops [63, 65, 66], reported that they are all perfect loops with a a/2 < 110 > type 
Burgers vector, lying on a plane close to {111}. More recent studies, carried out during
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the 1980s [39, 67, 68] and in the 1990s [69, 70], have shown that most of the EOR loops 
(^75% in ref. [69]) are faulted Frank loops lying on {111} planes with a Burgers vector 
of a/3 < 111 >, while the remainder consist of perfect loops with a a/2 < 110 > type 
Burgers vector, lying on a plane close to {111}. If the annealing temperature is kept 
below ~800°C a small fraction of “rod-like” defects [38] is also present together with the 
dislocation loops. These defects (also called {311} defects) are found to lie on {311} 
planes with a Burgers vector of a/4 < 116 > [53]. In all cases the EOR defects have 
been found to be of extrinsic nature, that is they are the result of the agglomeration of 
interstitial type point defects.
The dependence of EOR loops on annealing time and temperature has been studied by 
several authors [67, 68, 36]. In a paper published in 1994 Liu et al. [71] have reported that 
two regimes exist during the annealing of samples implanted with 50 keV Si+ to a dose 
of 1015 ions/cm2, as shown by a summary of their results in figure 2.2: in the coarsening 
regime (700°C and 800°C) the density of loops decreases during annealing (figure 2.2a) 
and the mean radius of the loops increases (figure 2.2b), while the total density of atoms 
bound by the loops remains constant (figure 2.2c). On the other hand, in the dissolution 
regime (900°C after the first 30 min or 1000°C after 15 min) the total density of atoms 
bound by the loops decreases (figure 2.2c) and eventually the EOR loops dissolve after
hours at 1000°C.
The size and density of the EOR defects also depend on the implantation parameters. 
For example, it has been seen that the loop density increases slightly with implantation 
dose and more strongly with ion energy [62]. Indeed, Ajmera et al. in 1986 [72] reported 
defect-free regrown layers preamorphised with Ge+, provided the implant energy was
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kept below 60 keV. A detailed study of the energy dependence was carried by Laanab 
et al. [73] in 1994, where an increase of two orders of magnitude in the density of the 
EOR defects was detected by progressively raising the Ge+ implantation energy from 15 
to 150 keV, an observation that has great relevance to the aims of this project. The 
implantation temperature also affects the EOR defect formation. It has been reported 
on many occasions [74, 75, 76, 77] that the density of defects is dramatically reduced if 
the implantation temperature is lowered to about 77 K. Acco et al. [77] have shown that 
defect-free layers can be obtained using this method. Finally, the increase of the ion mass
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has been reported to induce a decrease in the density of EOR defects as shown for Bi+ 
versus Si+ [75] and Ge+ versus Si+ [78]. However, it has been shown recently by Claverie 
et al. [79] that this result is not always valid, as Sn+-amorphised layers contain a higher 
defect density than Ge+-implanted material for implantation doses of 1015 ions/cm2 and 
higher. The authors suggested that, due to the combined effects of mass, dose and energy, 
it is impossible to identify a simple one-to-one relationship between one implantation 
parameter and the density of EOR defects. Nevertheless, this “anomalous” behaviour 
can be predicted in the framework of the “excess interstitial” model discussed below.
Although it has been long recognised that the EOR loops are extrinsic defects, dif­
ferent models have been proposed over the years about the source of the interstitials 
“trapped” by the dislocation loops, including the recoiled silicon atoms from the amor­
phous layer into the crystalline substrate [80], the implanted ions themselves [39] and the 
“excess interstitials” remaining beneath the former c/a interface after total recombina­
tion of vacancies and interstitials in the crystalline region [67, 81]. Laanab et al. [79, 82] 
have shown that the “excess interstitial” model most accurately predicts the effect of ion 
implant energy, dose and temperature on the trapped interstitial concentration in the end 
of range defects.
An important consequence of the interstitial nature of the EOR defects is that they will 
introduce a compressive strain in that region. Indeed X-Ray Diffraction (XRD) analysis 
has confirmed such expectations. It has been shown for As+ implants [83] and for Si+ 
implants [84] that two strain field regions exist after regrowth of preamorphised layers. 
The surface layer is negatively strained, in agreement with the formation of a vacancy 
excess in the surface layer after implantation [85], whereas the EOR buried defective
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layer is positively strained, due to the extra concentration of interstitials in this region. 
More recently [70] Jones et al. have studied the different contributions to the compressive 
strain from the various types of EOR defects, showing that, for a fixed population of 
excess interstitials, dislocation loops introduce more strain than {311} defects.
2 .2 .2  “Hairpin” dislocations
One of the first studies of the defects formed during regrowth of ion implanted amorphised 
layers was published by Glowinslci et al. in 1976 [63]. In that work, amorphous layers 
were formed by implanting 270 lceV Si+ to a dose of 1 x 1016 ions/cm2. TEM was 
used to characterise the regrown layers. Extended defects were found to nucleate at a 
depth corresponding to the a/c interface and extended to the surface. These defects were 
described as “large half-loops of dislocation of the shape of a check mark”. Similar defects, 
defined as “straight dislocations” were reported in 1978 by Hofker et al. [86] in Sb+- 
implanted silicon. Carter et al. [49] introduced in 1984 the concept of “hairpin” for the 
extended defects observed after regrowth in samples amorphised with Si+ and successively 
implanted with BFf, while Seidel et al. [87] used the words “spanning dislocations” to 
describe the same defects. In all cases the defects were associated with the regrowth of 
the amorphous layer.
In the work of Glowinski et al. [63], the “hairpin” dislocations have been reported to 
be perfect dislocations with a Burgers vector of a/2 <110>. Two families of “hairpin” 
dislocations were found. The first is made of pure edge dislocations lying on one of the 
{110} planes perpendicular to the wafer surface (001). The second includes dislocations 
lying on the {310} planes that make an angle of 71.6° to the wafer surface, in which case
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their Burgers vector is inclined at 45° to the wafer surface. The line direction of the two 
arms of the “hairpin” dislocations were found to be close to <113> for both families. 
Hofker et al. [86] also reported a a/2 <110> Burgers vector, but the line direction was 
found to be close to <112>. In a work published in 1984 [88], Sands et al. found a 
different orientation of the arms of the “hairpin” dislocations that does not correspond to 
any crystallographic orientation, as schematically shown in figure 2.3, while the Burgers 
vector was the same as reported in the previous works (1/2 [101]). The two arms of the 
hairpin dislocations were found to form an angle of ^ 35°, while the angle between the 
surface normal [001] and the plane containing the hairpin dislocation was ^ 10°. Figure
2.3 also shows the appearance of a typical hairpin dislocation as observed by XTEM for 
three zone-axis directions ([010], [110] and [110]).
Figure 2.3: Stereographic projection indicating geometry of a typical hairpin dislocation (from 
ref. [88]).
The “hairpin” dislocations nucleate just above the a/c interface and the nucleation 
depth does not depend on the annealing temperature for temperatures up to 850°C [63,
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87]. For higher anneal temperatures (925°C-1150°C) the nucleation depth is closer to the 
surface, while the lower ” tip” of the dislocation becomes flatter [49, 87]. In some cases [87] 
an annealing temperature of 1150°C is sufficient to completely eliminate these defects.
The temperature of the substrate during implantation can affect the density of the 
“hairpin” dislocations after annealing. Narayan [89] showed this concept for the simple 
case of silicon amorphised by 200 keV Si+ ions. Although quantitative analysis was not 
carried out, “hairpin” dislocation formed after annealing a sample implanted at room 
temperature but were not observed in a sample implanted at liquid nitrogen tempera­
ture. Observations were done by cross section TEM, implying a density lower than ~108 
disl/cm2. A similar result was obtained for BF^ implants at room temperature and liquid 
nitrogen temperature [49].
“Hairpin” dislocation density is also reduced by increasing the ion mass. Many studies 
[67, 88, 87, 90] have shown that typical “hairpin” densities of ^ 2 x 108 disl/cm2 formed 
in Si+-implanted samples are reduced to less than 106-107 disl/cm2 if the substrate is 
amorphised with Ge+.
To the author’s knowledge the effect of the implantation energy on the “hairpin” dis­
locations has never been systematically studied. Nevertheless, an interesting result pub­
lished by Narayan in 1982 [89] indicates that for a fixed implant dose (1.5 x 1016 Si+/cm2) 
the density of the “hairpin” dislocations is drastically reduced when the implantation 
energy is reduced from 200 keV to 100 keV.
Another way of reducing the density of the “hairpin” dislocations has been proposed 
by Rozgonyi et al. in 1986 [91]. It involves a “very low temperature anneal” (VLTA, 250- 
450°C) to be performed prior to SPEG. The authors suggested that the effect is related
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to an improvement of the morphology of the a/c interface.
Finally, Kringhoj et al. [92] have reported in a recent publication the presence of 
“hairpin” dislocations in thick SiGe alloy layers (thickness 1-2 pm) partially amorphised 
(to a depth of 400 nm) with Ge+ ions and regrown by furnace annealing. The dislocation 
density has been found to increase with germanium content in the alloy, with values of 
the order of 107 disl/cm2 for alloys with germanium content greater than 38 at.%.
Two models have been proposed to explain the formation of “hairpin” dislocations. 
The first [49, 63, 89] assumes that, due to some in situ annealing effects during implan­
tation, damage clusters formed below the a/c interface may aggregate and form small 
dislocation loops. Some of the small loops are truncated at the a/c interface so that the 
two ends of the truncated loops act as nneleation sites for the “hairpin” dislocations. 
The second model [67, 88] is based upon the existence of some misoriented microcrys­
tallites in the amorphous material in the vicinity of the a/c interface after implantation. 
Dislocations are subsequently formed during annealing when the advancing a/c interface 
encounters such microcrystallites and accommodates the misorientation. In a review pa­
per published in 1985, Seidel et al. [93] indicated that neither of the two models could be 
ruled out, as no quantitative studies had been carried out to test the models. In a later 
work by Jones at al. [39] it was proposed that the “misoriented microcrystallites” model 
was the one to be accepted. Indeed subsequently this model has been invoked several 
times to explain the formation of “hairpin” dislocations [23, 92]. It is interesting to note 
that in a work published in 1976, Glowinski at al. [63] proposed a third model whereby 
it was speculated that the “hairpin” dislocations could be misfit dislocations which are 
formed during the initial stages of SPEG in order to compensate for the mismatch with
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the buried expanded layer due to the EOR dislocation loops. This idea was not further 
investigated and, to the writers knowledge, has not been reproposed in the literature. It 
should be noted that unlike the two previous models which consider the “hairpin” dis­
locations as “growth defects”, this model considers the “hairpin” dislocations as strain 
related defects. This model will be discussed further in Section 6.3 of this thesis.
2.3 U s e  of G e + Implants for pre-amorphisation
Currently the formation of shallow p-n junctions is an area of great interest in the process­
ing of small geometry VLSI circuits. For instance, future 0.15 pm CMOS technology will 
require a junction depth as shallow as 30 nm [36]. This is a major challenge, especially 
for the p+ doping of an n substrate, where the dopant is usually boron, a relatively small 
and fast diffusing atom in silicon [94], The two major problems to be resolved in this 
case are the restriction of the penetration of boron along crystal channels and control of 
boron Transient Enhanced Diffusion (TED). The main consequence of ion channelling is 
the formation of a "tail” in the depth distribution of the implanted species, as shown in 
figure 2.4b. The amorphisation of silicon prior to B+ implantation (pre-amorphisation 
or ”dual implantation”) to avoid channelling was proposed during the early 1970s [95]. 
Alternatively, channelling can be reduced by inclining the crystallographic axis at an an­
gle to the incident ion beam. The formation of a buried layer of Type II (EOR) defects 
(Section 2.2.1) may degrade the junction if the defects are located within the space charge 
(depletion) region of the p+-n junction [96]. In this case the EOR defects may cause leak­
age currents to flow in subsequently fabricated devices [97]. Despite this problem (which 
will be discussed further at the end of this section), the advantages of a pre-amorphisation
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step using Si+ ions were demonstrated in 1983 by Tsaur and Anderson for a MOSFET 
[98], whereby the drain current in the pre-amorphised device (for a given gate bias) was 
~20% higher than that of the single boron implanted device. Associated studies showed 
the benefit of pre-amorphisation; for example samples implanted with B+ without pre- 
amorphisation but inclined at angles ranging from 15 to 6°, still suffered from channelling, 
with 18 to 33% of the implanted boron in the extended tail of the profile [99, 100], as 
shown in figure 2.4.
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Figure 2.4: (a) Profiles of 5 keV implanted boron ions as a function of tilt angle from the (001) 
axial channel, about the (210) axis, (b) Comparison of a measured implanted boron profile in 
crystalline silicon with TRIM simulation (from ref. [100]).
Many studies therefore were aimed at the optimisation of the pre-amorphisation step, 
in order to minimise the EOR defects and other extended defects formed during Solid 
Phase Epitaxial Growth (SPEG). The problems associated with the presence of “hairpin” 
dislocations are avoided by lowering the implantation temperature to about 77 K or by 
implanting a heavier isoelectronic ion such as Ge+ [49, 88, 90]. The benefit was believed, 
to be due to an improved abruptness of the a/c interface for lower energy higher mass Ge+ 
implants, compared to Si+ or BFf [101]. These observations led several groups during 
the years 1984-1985 to propose Ge+ instead of Si+ for pre-amorphisation [88, 102, 93, 87].
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Other studies [75, 89] showed that as well as implantation temperature the ion mass also 
affects the EOR defects. In particular it was shown that the dislocation loop density in 
Bi+ implanted structures is much lower compared to material amorphised by Si+ implants 
[75]. More recently [39, 79], these results have been confirmed for Ge+ pre-amorphised 
silicon.
As mentioned above, the second problem associated with the formation of shallow 
junctions is that of TED. The enhanced diffusivity of implanted dopants in silicon during 
annealing is due to the transient release of excess point defects [103, 104, 105]. In par­
ticular, boron diffusivity is enhanced during thermal annealing of material containing a 
supersaturation of silicon self-interstitials [106]. Similar to the channelling problem, the 
use of pre-amorphisation has also been shown to reduce boron TED during annealing 
[105, 107, 108], provided the boron profile is contained within the amorphised layer. On 
the other hand, the boron ions that come to rest beyond the amorphous/crystalline in­
terface are subjected to TED [96, 109]. These results have been explained assuming that 
the EOR defects act as a barrier to the flow of excess interstitials towards the surface. 
Recent studies reported during 1996 [110] have shown that if the density of EOR loops is 
lower than usual (4xl010/cm2 is proposed by Jones et al. [110] compared to the more usual 
areal density of more than 10n/cm2 [71]) then some backflow of interstitials to the surface 
is possible, with a consequential broadening of the boron profile in the pre-amorphised 
region. The same argument is invoked to explain the variation of the EOR screening effi­
ciency as a function of the pre-amorphisation energy. As the pre-amorphisation energy is 
reduced, the EOR damage density is also diminished [73]. As a result, it has been shown 
[111] that a boron profile (centred at a depth of 20 nm below the surface), completely
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contained within a 80 nm-thick amorphous layer, is subject to enhanced diffusion (of the 
order of 30 nm) in contrast to no enhanced diffusion when the amorphous layer is thicker 
[105, 112]. These results suggest that thick pre-amorphised layers are required to min­
imise TED. Unfortunately, such layers give rise to high densities of EOR defects, which 
are difficult to anneal out [113].
The search for a tradeoff between implant damage annealing and shallow junction 
formation has shown that germanium is the best pre-amorphising ion [113]. In a compre­
hensive study published in 1990, the conditions for creating minimum depth, defect-free 
p+-n junctions have been determined for RTA processing as a function of B+ or BFf im­
plantation energy with and without Ge+ pre-amorphisation. The author concluded that 
B+ and B+ + Ge+ implants produce deeper junctions than BF2 + Ge+ for a given boron 
implant energy. This is explained with the improved screening efficiency of the EOR 
defects in the BFf + Ge+ case. It was also reported that using Ge+ pre-amorphisation 
with BFf produces a shallower, defect-free junction than BFf alone. This is because 
Ge+-induced EOR defects are more easily removed than those produced by BF^ implants 
[113], therefore allowing shorter annealing times and hence less boron diffusion. More­
over, it is found that for implant energies as low as 6 keV for BFj or 2 keV for B+, 
pre-amorphisation is not necessary for shallow junction formation, although it is needed 
to achieve complete dopant activation [114]. Another issue arising from the use of pre- 
amorphisation is in that the position of the EOR defects with respect to the space charge 
region of the junction has to be chosen in order not to affect adversely the junction re­
verse leakage current. This effect has been clearly described by Sedgwick [78], who used 
previously published values of the reverse leakage current of a 0.19 pm deep n+-p junction
2.4. I O N  B E A M  S Y N T H E S I S  O F  S I G E  A L L O Y S  B Y  G E +  I M P L A N T A T I O N 23
formed by As+ implantation into silicon, pre-amorphised with Ge+ at different energies 
and doses [115]. By plotting the leakage current values as a fuction of the amorphous 
thickness, he observed that for amorphous depths up to 110 nm there is no change in 
leakage, as presumably the defects are too far from the junction. For depths greater than 
110 nm and up to 150 nm, the leakage was found to increase steadily at about one decade 
per 10 nm increase in the amorphous thickness. Indeed, today it is generally agreed [38] 
that the electrical quality is preserved if the junction is formed below the EOR defects. 
Finally, the use of germanium for pre-amorphisation has also been proposed by Jones et 
al. [38] in MOSFET technology to overcome problems associated with the use of BFf 
implants, as the fluorine from the BFf can affect the gate oxide permeability, causing 
excess boron diffusion into the channel.
2.4 Ion b e a m  synthesis of S i G e  alloys b y  G e + i m p l a n ­
tation
One of the first studies of high dose Ge+-implanted silicon was published by Krautle in 
1975 [116]. In that work SiGe alloys with peak germanium concentrations higher than 
10 at.% were obtained by implanting 35 keV Ge+ with doses up to 3xl016 Ge+/cm2. 
RBS analysis was used to show that (i) for doses higher than 1015 Ge+/cm2 the implant 
resulted in the amorphisation of the target, (ii) an annealing temperature higher than 
500°C was necessary to observe a recovery of the damage in the implanted layer, (iii) the 
remaining damage after annealing at a fixed temperature (700°C) increased with increas­
ing implanted dose and (iv) most of the implanted Ge+ ions were located in substitutional 
position after regrowth of the amorphous layer. It was later shown by Mezey et al. [117], 
still using RBS, that further increase of the dose to a peak germanium concentration of
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14 at.% results in a very poor quality of the regrown structure. They suggested that in 
this case relaxation of the structure occurs, with the possible introduction of dislocations.
In these studies the simplest procedure to synthesise SiGe alloys was used, consisting 
of: (i) high dose Ge+ implantation (generally of the order of 1016 Ge+/cm2) into a silicon 
target at room temperature (ii) and Solid Phase Epitaxial Growth (SPEG) of the as- 
implanted structure. The systematic implementation of experimental techniques such as 
TEM and XRD in similarly synthesised structures, together with an increased interest 
in this material system for its applications in the microelectronics industry, has made 
possible, in the late 1980s and in the 1990s, more detailed studies of the evolution of the 
misfit strain in the alloys and the mechanisms by which the elastic strain is released.
In fundamental work from Paine et al. [22, 23] the regrowth behaviour of ion beam 
synthesised SiGe alloys as a function of the germanium content was studied, with a Ge+ 
implantation energy of 200 keV. The results of these studies can be summarised as follows: 
(i) the regrowth rate in strained SiGe alloys is lower than in pure silicon samples, (ii) when 
a critical value of dose (i.e. peak germanium concentration) is exceeded, the a/c interface 
changes its morphology from a planar {001} to a {111} faceted interface. The transition 
takes place at a depth close to the projected range of the implanted Ge+ ions, (iii) fully 
regrown relaxed samples show extended defects, associated with the faceting of the a/c 
interface during annealing. These defects appear as “V”-shaped stacking faults when seen 
in projection by XTEM, but actually have a pyramidal shape. A theoretical model (which 
will be presented in Section 3.2.2.2) for predicting the critical dose above which strain 
relaxation occurs was formulated by Paine on the assumption that the relaxation defects 
are stacking faults bounded by 90° partial dislocations, although the extended defects
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formed in the relaxed structures fabricated in that study were not stacking faults and 
no detailed characterisation was carried out. Indeed, stacking faults have been observed 
by others in relaxed structures in which the Ge+ implantation energy was lower than 
that used by Paine (120 keV [118] or 160 keV [30]). In contrast, SiGe alloys formed by 
implantation of Ge+ ions at energies of 200 keV [119] or 800 keV [120] have been found 
to relax via the formation of threading “hairpin” dislocations.
The predictions of this model are shown in figure 2.5 together to the predictions for 
the formation of other defects (60° misfit dislocations and stacking faults bounded by 
30° partial dislocations), where the critical germanium peak concentration is plotted as 
a function of the implantation energy. For the particular energy of 200 keV, used in 
Paine’s work to test the model, the critical peak germaninm concentration is 8.5 at.%. 
With respect to the synthesis procedure mentioned above, an extra step was used by 
Paine, consisting of a post-amorphisation of the Ge+-implanted layer to a much greater 
depth than the germanium profile, prior to the SPEG step. This post-amorphisation 
(accomplished by a Si+ implant at LNT) was performed to avoid the formation of long 
threading defects nucleated at the a/c interface, which are not directly related to a strain 
relaxation process (cfr. Section 6.2.1).
Most of the experimental studies of ion beam synthesised SiGe alloys published in the 
1990s have made reference to Paine’s model and indeed many of the results agree with 
the predictions over a wide range of implantation energies (25-100 keV [24, 29, 121, 122, 
35, 123, 124, 125, 126], 100-200 keV [31, 119, 127], more than 200 keV [29, 128, 129]), 
with very few exceptions ([130, 131]), whereby relaxation induced defects were observed 
in SiGe alloys formed by implantation of 120 keV Ge+ ions at doses supposed to be lower
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implant energy, keV
Figure 2.5: Plot of critical peak implant concentration vs implant energy for three types of 
defects (from ref. [23]).
than the critical value..
The effect of strain on the regrowth velocity during SPEG has been extensively studied 
by Elliman and coworkers [29, 126, 128, 129, 132]. They used Time Resolved Reflectivity 
(TRR) measurements to show that the growth rate in strained alloys is lower than in bulk 
silicon, whereas in relaxed alloys the growth rate is higher. In particular, both effects 
were observed in a single sample implanted with a dose above the relaxation threshold, 
as shown in figure 2.6. As the a/c interface (advancing toward the surface during SPEG) 
encounters the tail of the germanium distribution the accumulation of strain retards the 
SPEG process. As SPEG continues and the critical value is exceeded (minimum in the 
growth velocity), relaxation occurs via the roughening of the interface and the introduction 
of extended defects. The relaxed structure therefore regrows at an higher rate than silicon, 
progressively decreasing to the initial value in the tail of the germanium profile. In a recent 
paper from Corni et al. [122] it has been shown that the presence of strain is not enough to 
explain the slowdown of the a/c interface during SPEG and that a contribution from the
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interface roughness is required to account for the experimental results. Finally, Elliman 
et al. [129] have suggested that the roughness of the a/c interface is directly related to 
the germanium content in the alloy.
Figure 2.6: SPEG velocity, extracted from a TRR spectrum, and germanium distribution, 
extracted from RBS-C data, as a function of depth, for a sample implanted with 800 keV Ge+ 
ions to a dose of 3.8xl017 Ge+/cm2, during annealing at 600°C (from ref. [126]).
In the attempt to improve the crystalline quality of ion beam synthesised SiGe alloys, 
studies have been carried out where one or more steps in the basic synthesis procedure 
mentioned above have been modified or where co-implantation with other species has 
been introduced, as discussed below.
Changing the implantation temperature.
Hart et al. [133] showed in 1981 that by increasing the implantation temperature 
to 300 °C, the formation of an amorphous layer in Ge+-implanted silicon is avoided, 
which results in a better quality material after annealing at 1000°C, compared to room 
temperature implanted samples. In contrast, a redistribution of the germanium profile in 
the as-implanted sample was observed and attributed to radiation enhanced diffusion. The
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silicon targets in that experiment had a (111) surface. More recent studies on (001) silicon 
targets [134, 135] have given opposite results, with heated samples being consistently of 
lower quality than those implanted at room temperature, leading Tissot et al. to conclude 
that the ’’heated implantation” technique is <C...inappropriate for the manufacturing of 
microelectronics grade (100) germanium silicon layers^ > [134]. It has been suggested
[134] that the improved quality in the (111) materials is due to the easier incorporation 
of (111) crystallites formed during the heated implants in such substrates. Germanium 
redistribution during high temperature implants has also been observed in <001 > samples
[135] and again attributed to radiation enhanced diffusion, in contrast with a recent 
paper from Nejim et al. [136] where it is suggested that such redistribution is the result 
of an enhanced channelling effect. High temperature implants have also been used to 
synthesise SiGe alloy layers on silicon on insulator (SIMOX) substrates [137, 138], where 
it is necessary to avoid the amorphisation of the silicon overlayer. Annealing temperatures 
as high as 1290°C are required to obtain a low defect layer [138].
Alternatively, the effect of a low temperature implant on the quality of the SiGe alloy 
layers have also been investigated by cooling the silicon target down to the temperature of 
liquid nitrogen [118, 131, 139]. The results show that the formation of relaxation induced 
defects is not affected by the low temperature, whereas a significant decrease in the EOR 
defects associated with the amorphisation of the target is achieved (cfr. Section 2.2.1).
Changing the annealing procedure.
Laser melting has been investigated as a means to recrystallise as-implanted SiGe alloys 
by Berti and coworkers [26, 140, 141]. They have shown that epitaxial recrystallisation 
is achieved if the energy density of the laser beam is enough to melt the surface layer to
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the depth of the a/c interface. For low values of the energy density, a poly-crystalline 
material is obtained. For a fixed thickness of the amorphous layer, less energy is required 
in SiGe alloys to penetrate the a/c interface than in pure silicon, due to a reduction of 
the melting temperature in amorphous SiGe compared to silicon. The major drawback of 
this regrowth method is the large redistribution of germanium over the implanted layer. 
Indeed, an as-implanted germanium profile with a peak concentration of 17.7 at.% [26] 
was turned into a flat profile of about 10 at.% after a 20 ns XeCl laser pulse at an energy 
of ~1 J/cm2.
Ion Beam Induced Epitaxial Crystallisation (IBIEC) has also been investigated as 
an alternative route to SPEG. Elliman et al. [29, 142] have used 1 MeV Si+ implants 
at 300°C to recrystallise SiGe alloys with 30 at.% peak germanium concentration (90 
keV, IxlO17 Ge+/cm2) and have shown that samples regrown by IBIEC give rise to a 
lower RBS yield, consistent with a lower density of strain relieving defects as observed 
by TEM, compared to SPEG regrown samples at 600°C. They also reported that the a/c 
interface roughening caused by the relaxation of the alloy is less pronounced during IBIEC 
compared to SPEG for a fixed germanium content, as measured by TRR in alloy layers 
with uniform germanium content. This effect was attributed to the different {100} to 
{111} regrowth velocity ratios in IBIEC (~ 2) and SPEG (~ 25). In agreement with the 
work of Elliman, Songsiriritthigul et al. [123] have reported an improved crystalline quality 
of SiGe alloys with 22 at.% peak germanium concentration (40 keV, 3.4xl016 Ge+/cm2) 
after IBIEC, with respect to SPEG. In particular, they limited the use of IBIEC (300 
keV Ne+ at 325°C) to the region containing the peak germanium concentration (where 
relaxation takes place), using conventional SPEG to recrystallise the low concentration
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tails of the germanium profile. Kobayashi et al. [143] have compared a low energy IBIEC 
process (40 keV Ge+ + 140 keV Ge+ at 400°C) with a high energy one (400 keV Ar+ at 
350°C), for a SiGe alloys with 13 at.% peak germanium concentration (80 keV, 5xl016 
Ge+/cm2) and have reported anomalous results. For example, they have found that the 
germanium profile (input data) for a successful simulation of the XRD rocking curves 
from the sample regrown by high energy IBIEC corresponds to only 55% of the total 
implanted dose, whereas a germanium concentration equal to that measured by RBS was 
used to simulate the XRD rocking curve from the sample regrown with low energy IBIEC. 
A similar result was obtained when the high energy IBIEC sample was compared to a 
conventional SPEG regrown sample at 700°C [144].
Avoiding extended defects.
The implantation of species with a smaller covalent radius than silicon has been used to 
compensate the compressive strain in the SiGe alloys introduced by the Ge+ implantation. 
Ohta et al. [145] used boron co-implantation and proposed an optimum germanium/boron 
ratio of 5.6:1 for a complete strain compensation to be achieved. Many other research 
groups have proposed the use of carbon [24, 124, 146, 147] for the same purpose. Fukami 
[24] first showed in 1990 that the density of strain relieving defects in SiGe alloys with 
a 16 at.% peak germanium concentration (50 lceV, 2.5xl016 Ge+/cm2) was drastically 
reduced in samples co-implanted with C+ at an energy which gives the same projected 
range as the germanium distribution. Im and coworkers [118, 146] studied the defect 
reduction as a function of the carbon dose and showed that, although simple considerations 
based on the lattice parameters of silicon, germanium and diamond crystals would suggest 
an optimum germanium/carbon ratio of ~10.7 for a complete strain compensation, the
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difference in the longitudinal standard deviation of the Ge+ and C+ profiles in silicon 
indicates that an optimum ” window” for the germanium/carbon peak ratio is between 11 
and 22. More recently, Lu and Cheung [124] have synthesised a defect-free SiGeC alloy 
with a germanium/carbon peak ratio of 10, while Kobayashi et al. have shown that SiGeC 
alloys regrown by SPEG at 590°C have a better crystalline quality than IBIEC regrown 
samples (400 keV Ge+ at 350°C), in contrast with results from SiGe alloys.
C+ implantation has also been shown to eliminate the EOR defects formed in ion beam 
synthesised SiGe alloys, provided the C+ implantation energy is such that the projected 
range of the C+ ions corresponds to the depth of the a/c interface produced by the Ge+ 
implantation step [25, 148]. Alternatively, thermally stimulated vacancy injection during 
the formation of a titanium silicide layer has been used to reduce the EOR dislocation 
loops [125]. As mentioned above, low temperature Ge+ implantation also results in a 
significant reduction of the EOR defect density. In a work published in 1994, Xia et 
al. [27] used a previously published empirical formula to determine the minimum RTA 
annealing time to eliminate the EOR defects as a function of the annealing temperature 
for three SiGe alloys formed by 50, 70 and 100 keV Ge+ implantation, respectively. Their 
results indicate that a minimum annealing temperature of 1050°C is required to eliminate 
EOR defects in 50 keV Ge+-implanted SiGe alloys, with temperatures of up to 1200°C 
for SiGe alloys formed by 100 keV Ge+ implantation.
Finally, the behaviour of ion beam synthesised SiGe alloys during oxidation has been 
studied by many authors, because of the importance of this process during device fabri­
cation. Here we only report the main results reported by Holland and coworkers in the
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late 1980s [149, 150, 151]. It was found in these studies that during the oxidation process 
(i) germanium atoms segregate to the SiC^ /SiGe interface and (ii) the oxidation rate is 
enhanced with respect to silicon. Ge segregation is attributed to the limited solid solu­
bility of germanium in Si0 2 , combined with the slow diffusivity of germanium in silicon 
relative to the oxidation rate. The formation of a Ge-rieh layer at the interface with the 
oxide results in the reduction of the binding energy of silicon atoms at the interface, lead­
ing to the observed enhanced oxidation rate. Indeed, the enhancement of the oxidation 
rate was observed as soon as the segregation of about one monolayer of germanium took 
place. It was also shown that germanium segregation does not affect the roughness of the 
Si02/Ge interface as found by high resolution TEM analysis. More recently, Raineri et al. 
[152, 153] showed that the roughness of the Si02 surface increases with the areal density 
of the segregated germanium atoms, independently of the Ge+ implantation conditions, 
while the Si02/Ge interface remains sharp, in agreement with previous results. In these 
works, the surface roughness was also found to increase after wet cleaning treatments 
(H2SO4/H2O 2) based on silicon surface oxidation.
2.5 Applications to electronic devices
The first electrical data from p-n junction diodes incorporating ion beam synthesised SiGe 
alloys were published by Fukami et al. in 1990 [24]. The SiGe alloy used in that work (120 
keV Ge+, 5xl016 Ge+/cm2) was relaxed, with a peak germanium concentration of ~12 
at.%. The forward current-voltage characteristics exhibited larger currents and smaller 
slopes compared with a silicon reference device, while the leakage current in the SiGe 
diode was about three orders of magnitude larger, resulting in a reverse-bias breakdown
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voltage about three times lower than in the silicon diode. The poorer device performances 
of the SiGe diode were attributed to carrier recombination at recombination/generation 
centres associated with the strain relieving defects. This assumption was supported by the 
improvement of the device performances when the structure was coimplanted with carbon, 
because of the decreased density of relaxation defects. Comparison of I-V characteristics 
from devices synthesised at liquid nitrogen temperature and at room temperature [139] 
with XTEM analysis (cfr. previous section) suggested that the recombination centres 
responsible for the degradation of the device performances are not only due to the presence 
of strain relieving defects but also to the EOR defects. Further investigations on similar 
relaxed SiGe p-n junction diodes with different device geometries [154] indicated that 
Ge+ and C+ implantation cause boron deactivation and/or dopant compensation through 
the formation of donor complexes. In a later work [131, 155] it was shown that both 
phenomena take place in Ge+ implanted silicon, with donor complexes formation only 
occurring when the Ge+ dose exceeds the critical value for strain relaxation.
Following the background work on SiGe p-n junction diodes, Fukami and coworkers 
reported the first SiGe Heterojunction Bipolar Transistor (HBT) fabricated with Ge+ ion 
implantation in 1991 [30]. A schematic cross-section of the device together with a plot of 
the dopant distributions are shown in figure 2.7.
The measured values for the current gain and the cutoff frequency were 40 and 8 GHz, 
respectively, compared to 100 and 11 GHz for a reference silicon transistor. The relatively 
poor device performances of the SiGe HBT were due to the presence of strain relaxation 
defects in the base region of the transistor, as observed by cross sectional TEM. More 
investigations from a similar device were later reported by Gupta et al. [127]. The presence
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Figure 2.7: (a) Schematic cross section of a SiGe HBT. (b) Germanium SIMS profile and 
simulated profiles of dopants in the transistor (from ref. [127]).
of relaxation defects in the base was in agreement with the large recombination current 
in the base (ideality factor for Is ^ 2). Moreover, C-V characteristics measured in both 
the emitter-base and base-collector junctions indicated that boron deactivation occurred 
only in the emitter-base junction, for high values of the reverse bias, enough to produce 
a depletion region which included the peak of the germanium profile. The consequent 
increase in the base resistance was then indicated as the cause of the degradation of the 
device performances.
These first experimental results raised the question of whether or not the use of Ge+ 
ion implantation could be successfully implemented in the fabrication of SiGe HBTs. 
Grahn et al. showed in 1993 [156] that the position of the peak of the germanium profile 
within the base is a very critical parameter. They performed computer simulations of SiGe 
HBTs taking into account the bandgap narrowing in the SiGe base, on the assumption 
that the SiGe alloy layer is strained. The results indicate that the maximum improvement 
of the collector current and hence of the current gain is achieved when the peak of the
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germanium distribution is located at the base-collector junction, whereas for the case of 
a peak located at the emitter-base junction the device behaves worse than a pure silicon 
Bipolar Junction Transistor (BJT). Furthermore, they also showed that the unavoidable 
tail of the implanted germanium in the collector region does not deteriorate the gain.
Lombardo et al. [148] carried out a detailed study of the behaviour of SiGe p-n 
junction diodes before investigating HBTs. They used strained SiGe alloys (70 keV Ge+) 
with and without coimplanted carbon to eliminate the EOR defects. Their results confirm 
that I-V characteristics with an ideal behaviour can be obtained for SiGe p-n junctions 
in a range of temperatures between 230 I< and 500 K. The EOR defects do not affect 
the measured current values, as the junction in the investigated structures is positioned 
below the defects (cfr. Section 2.3). The hole mobility was found to be 20% larger than 
in silicon and, in agreement with previous reports, they also observed boron deactivation. 
This effect, together with the bandgap narrowing due to the presence of germanium in 
the p+ region, is responsible for the beneficial higher forward currents measured in SiGe 
diodes, compared to a reference silicon device. In contrast, structures coimplanted with 
carbon show higher boron deactivation, decrease in the hole mobility (although it remains 
higher than silicon), and a large concentration of carrier recombination centres, leading 
to highly non-ideal I-V characteristics.
Results from SiGe IiBT with ion implanted germanium were reported by the same 
authors [31, 32, 33], whereby Ge+ ions were implanted at 130 keV to form the base region 
of the transistor, at doses below the critical value for strain relaxation. A layout and a 
cross section TEM image of the device as well as the dopant profiles are shown in figure 
2.8.
2.5. A P P L I C A T I O N S  T O  E L E C T R O N I C  D E V I C E S 36
Figure 2.8: (a) Schematic drawing of the HBT structure, (b) Dopant profiles measured by SRP 
and TRIM simulation of the germanium distribution, (c) TEM micrograph of the device cross 
section (from ref. [33]).
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The Gummel plot [157] recorded from a SiGe HBT and from a silicon reference device 
show that the base current of the HBT is ideal over about two decades and that the 
collector current is consistently higher in the HBT compared to the silicon BJT. Indeed 
the common-emitter output characteristics indicate a larger current gain in the SiGe 
HBT. This is associated with a lower base resistance. The base width is found to decrease 
in the SiGe HBT, due to the decreased boron diffusivity in SiGe and the base-collector 
leakage current does not show any dependence on the Ge+ implanted dose, confirming 
that the EOR defects do not affect the performances of these devices. Finally the SiGe 
HBT shows an improved cutoff frequency with respect to the reference device (21 GHz 
and 16 GHz, respectively, in reference [33]). The overall promising device performances 
have been attributed to both the narrower base and to the built-in field produced by the 
bandgap gradient in the base.
The first example of the application of ion beam synthesised SiGe alloys to the fabri­
cation of unipolar transistors was published by Selvakumar and Hecht in 1991 [34]. They
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i m p l a n t e d  8 0  k e V  G e +  i o n s  i n  t h e  c h a n n e l  r e g i o n  o f  a n  n - M O S F E T .  N o  s t r u c t u r a l  c h a r ­
a c t e r i s a t i o n  w a s  c a r r i e d  o u t  t o  a s s e s s  w h e t h e r  t h e  h i g h  i m p l a n t e d  d o s e  ( 6 x l 0 1G G e + / c m 2 , 
~ 1 6  a t . %  p e a k  c o n c . )  r e s u l t e d  i n  a  r e l a x e d  s t r u c t u r e .  T h e  o u t p u t  c h a r a c t e r i s t i c s  s h o w e d  
a n  i n c r e a s e  i n  t h e  d r a i n  c u r r e n t  f o r  t h e  S i G e  M O S F E T  c o m p a r e d  t o  a  p u r e  s i l i c o n  r e f e r e n c e  
d e v i c e .  A  4 2 %  i n c r e a s e  o f  t h e  t r a n s c o n d u c t a n c e  w a s  e s t i m a t e d  f o r  t h e s e  d e v i c e s  o n  t h e  
a s s u m p t i o n  t h a t  t h e  g a t e  o x i d e  t h i c k n e s s  is  n o t  a f f e c t e d  b y  t h e  p r e s e n c e  o f  g e r m a n i u m  a n d  
w a s  a t t r i b u t e d  t o  e i t h e r  t h e  i n c r e a s e  o f  t h e  e l e c t r o n  s u r f a c e  m o b i l i t y  o r  t o  a  r e d u c t i o n  o f  
t h e  e f f e c t i v e  c h a n n e l  l e n g t h .  I n  m o r e  r e c e n t  w o r k  b y  J i a n g  a n d  E l l i m a n  p u b l i s h e d  i n  1 9 9 6  
[ 3 5 ]  t h e  c h a r a c t e r i s t i c s  o f  s u r f a c e - c h a n n e l  a n d  b u r i e d - c h a n n e l  p - M O S F E T  d e v i c e s  w i t h  a  
G e + ~ i m p l a n t e d  c h a n n e l  h a v e  b e e n  i n v e s t i g a t e d .  T h e  a u t h o r s  s h o w e d  t h a t  t h e  t h r e s h o l d  
v o l t a g e  d e c r e a s e s  w i t h  r e s p e c t  t o  a  p u r e  s i l i c o n  d e v i c e  w i t h  i n c r e a s i n g  G e +  d o s e  u p  t o  
t h e  c r i t i c a l  v a l u e  f o r  s t r a i n  r e l a x a t i o n ,  a b o v e  w h i c h  i t  b e c o m e s  h i g h e r .  S i m i l a r l y  t o  t h e  
p r e v i o u s  r e p o r t  o n  n - M O S F E T s ,  t h e  t r a n s c o n d u c t a n c e  o f  t h e  S i G e  p - M O S F E T s  i s  h i g h e r  
t h a n  f o r  t h e  s i l i c o n  c o u n t e r p a r t .  F o l l o w i n g  a  d e t a i l e d  a n a l y s i s  o f  t h e  p o s s i b l e  c a u s e s  o f  
s u c h  a n  i m p r o v e m e n t ,  t h e  d e c r e a s e  o f  t h e  o x i d e  c h a n n e l  t h i c k n e s s  w a s  r u l e d  o u t  ( a s  t h e  
p r e s e n c e  o f  g e r m a n i u m  is  k n o w n  t o  i n c r e a s e  t h e  o x i d a t i o n  r a t e ) , a s  w e l l  a s  a  r e d u c t i o n  i n  
t h e  c h a n n e l  l e n g t h  d u e  t o  t h e  i n c r e a s e  o f  t h e  b o r o n  d i f f u s i o n  i n  S i G e  w i t h  r e s p e c t  t o  s i l i ­
c o n .  I n d e e d  t h e  c h a n n e l  l e n g t h  w a s  f o u n d  t o  b e  u n a f f e c t e d  b y  t h e  p r e s e n c e  o f  g e r m a n i u m .  
T h e  i m p r o v e m e n t  i n  t h e  t r a n s c o n d u c t a n c e  w a s  t h e r e f o r e  a t t r i b u t e d  t o  t h e  i n c r e a s e  o f  t h e  
h o l e  m o b i l i t y  i n  t h e  S i G e  c h a n n e l .  I n d e e d  a  3 7 %  i n c r e a s e  w a s  m e a s u r e d  i n  t h e s e  d e v i c e s .  
F i n a l l y ,  t h e  u s e  o f  i o n  b e a m  s y n t h e s i s e d  S i G e  a l l o y s  h a s  b e e n  p r o p o s e d  [ 1 5 8 ]  t o  c o n t r o l  
t h e  ” f l o a t i n g - b o d y  e f f e c t ”  i n  S O I  M O S F E T s ,  w h i c h  is  r e s p o n s i b l e  f o r  t h e  d e c r e a s e  o f  t h e  
d r a i n  b r e a k d o w n  v o l t a g e  i n  s u c h  d e v i c e s .  I n  o r d e r  t o  d o  s o  G e +  i o n s  h a v e  b e e n  i m p l a n t e d
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i n t o  t h e  s o u r c e  a n d  d r a i n  r e g i o n  o f  t h e  d e v i c e .  T h e  e l e c t r i c a l  c h a r a c t e r i s a t i o n  s h o w e d  a n  
i n c r e a s e d  d r a i n  b r e a k d o w n  v o l t a g e  o f  a b o u t  1  V ,  w h i l e  t h e  r e v e r s e  l e a k a g e  c u r r e n t s  o f  t h e  
s o u r c e / c h a n n e l  a n d  d r a i n / c h a n n e l  j u n c t i o n s  r e m a i n e d  a t  a  l o w  l e v e l .
C h a p t e r  3  
B a c k g r o u n d  s c i e n c e ,  t e c h n o l o g y  a n d  
a p p l i c a t i o n s
3 . 1  I n t r o d u c t i o n
I n  t h i s  c h a p t e r  s o m e  p h y s i c a l  a s p e c t s  o f  t h e  f o r m a t i o n  a n d  a p p l i c a t i o n s  o f  S i G e / S i  h e t ­
e r o s t r u c t u r e s  a r e  p r e s e n t e d .  S o m e  o f  t h e  b a s i c  s t r u c t u r a l  p r o p e r t i e s  w i l l  b e  r e v i e w e d  i n  
s e c t i o n  3 . 2 .  T h e  d i f f e r e n t  l a t t i c e  c o n f i g u r a t i o n s  o c c u r r i n g  w h e n  a  S i G e  a l l o y  l a y e r  i s  g r o w n  
o n  a  s i l i c o n  s u b s t r a t e  a n d  t h e  c o n c e p t  o f  c r i t i c a l  t h i c k n e s s  ( hc )  f o r  s t r a i n  r e l a x a t i o n  w i l l  
b e  i n t r o d u c e d  i n  s e c t i o n  3 . 2 . 1 ,  w h i l e  t h e  t h e o r e t i c a l  m o d e l s  f o r  t h e  c a l c u l a t i o n  o f  hc w i l l  
b e  d e s c r i b e d  i n  s e c t i o n  3 . 2 . 2 ,  f o r  t h e  c a s e  o f  e p i t a x i a l l y  d e p o s i t e d  a n d  i o n  b e a m  s y n t h e ­
s is e d  a l l o y  l a y e r s .  I n  s e c t i o n  3 . 3  t h e  e f f e c t  o f  t h e  p r e s e n c e  o f  g e r m a n i u m  i n  r e d u c i n g  t h e  
b a n d g a p  e n e r g y  o f  s i l i c o n  w i l l  b e  b r i e f l y  d i s c u s s e d ,  t o g e t h e r  w i t h  t h e  a d v a n t a g e s  a r i s i n g  
f r o m  t h e  u s e  o f  S i G e / S i  h e t e r o s t r u c t u r e s  i n  t h e  f a b r i c a t i o n  o f  b i p o l a r  t r a n s i s t o r s .  F i n a l l y ,  
a  b r i e f  r e v i e w  o f  t h e  m o s t  c o m m o n l y  u s e d  g r o w t h  m e t h o d s  w i l l  b e  g i v e n  i n  s e c t i o n  3 . 4 ,  
w h e r e  t h e i r  m a i n  a d v a n t a g e s  a n d  d r a w b a c k s  w i l l  b e  o u t l i n e d  a n d  t h e  b e n e f i t s  o f  I o n  B e a m  
S y n t h e s i s  h i g h l i g h t e d .
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3 . 2  S i i - ^ G e ^ / S i  h e t e r o s t r u c t u r e s :  s t r u c t u r a l  p r o p e r ­
ties
G e r m a n i u m  is  i m m e d i a t e l y  b e l o w  s i l i c o n  i n  c o l u m n  I V  o f  t h e  p e r i o d i c  t a b l e .  T h e s e  t w o  
e l e m e n t s  h a v e  t h e  s a m e  v a l e n c e  s t r u c t u r e  a n d  t h e  s a m e  b o n d i n g  o r b i t a l s  ( f o u r  t e t r a g o n a l  
sps h y b r i d s )  a s  w e l l  a s  t h e  s a m e  c r y s t a l  s t r u c t u r e  ( d i a m o n d  f e e ) .  S i l i c o n  a n d  g e r m a n i u m  
a r e  c o m p l e t e l y  m i s c i b l e  o v e r  t h e  e n t i r e  c o m p o s i t i o n a l  r a n g e  a n d  g i v e  r i s e  t o  a l l o y s  w i t h  
t h e  d i a m o n d  c r y s t a l  s t r u c t u r e .  I t  h a s  b e e n  s e e n  t h a t  e v e n  o n  a n  a t o m i c  s c a l e  g e r m a n i u m  
a n d  s i l i c o n  a t o m s  f r e e l y  s u b s t i t u t e  f o r  o n e  a n o t h e r  t o  f o r m  a  m i c r o s c o p i c a l l y  r a n d o m  
a l l o y  [ 1 5 9 ] .  T h e  p h a s e  d i a g r a m  f o r  t h e  S i - G e  s y s t e m ,  d e t e r m i n e d  f r o m  t h e r m a l  a n d  X - r a y  
a n a l y s i s  [ 1 6 0 ] ,  is  s h o w n  i n  f i g u r e  3 . 1 .  A  l a r g e  r e g i m e  o f  c o e x i s t e n c e  b e t w e e n  t h e  l i q u i d  
a n d  t h e  s o l i d  p h a s e  e x i s t s  t h r o u g h o u t  t h e  c o m p o s i t i o n a l  s p e c t r u m .  T h i s  i m p l i e s  t h a t  
t h e  p r e p a r a t i o n  o f  a  h o m o g e n e o u s  s o l i d  a l l o y  f r o m  t h e  m o l t e n  p h a s e  is  d i f f i c u l t ,  a s  t h e  
S i  c o m p o n e n t  ( w h i c h  h a s  a  h i g h e r  m e l t i n g  t e m p e r a t u r e )  s t r o n g l y  s e g r e g a t e s ,  c a u s i n g  t h e  
d e c o m p o s i t i o n  o f  t h e  a l l o y ,  a  c o n s t r a i n t  n o t  e n c o u n t e r e d  w i t h  I B S .
A  s i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  g e r m a n i u m  a n d  s i l i c o n  is  f o u n d  i n  t h e  v a l u e  o f  t h e i r  
c o v a l e n t  r a d i u s ,  d e f i n e d  a s  h a l f  t h e  d i s t a n c e  o f  t w o  n e i g h b o u r  a t o m s  i n  t h e  c o v a l e n t  c r y s t a l  
( 1 . 1 7  A a n d  1 .2 2  A f o r  s i l i c o n  a n d  g e r m a n i u m ,  r e s p e c t i v e l y ) ,  w h i c h  l e a d s  t o  d i f f e r e n t  v a l u e s  
o f  t h e i r  l a t t i c e  c o n s t a n t s  asi =  5 . 4 3 1  A a n d  a oe — 5 . 6 5 7  A. T h e  m e a s u r e d  l a t t i c e  c o n s t a n t  
o f  b u l k  S i i - a j G e i  a l l o y s  [ 1 6 1 ]  s h o w s  a  s m a l l  n e g a t i v e  d e v i a t i o n  f r o m  t h e  V e g a r d  l a w  [ 1 6 2 ] ,  
w h i c h  a s s u m e s ,  f o r  t h e  a l l o y  l a t t i c e  p a r a m e t e r ,  a  l i n e a r  i n t e r p o l a t i o n  b e t w e e n  t h e  v a l u e s  
f o r  p u r e  s i l i c o n  a n d  p u r e  g e r m a n i u m .  T h e  m a x i m u m  d e v i a t i o n ,  f o u n d  i n  S io .s G e o .s  a l l o y ,  
i s  o n l y  0 . 0 0 6 9  A a n d  a  p a r a b o l i c  r e l a t i o n  is  f o u n d  t o  b e  a d e q u a t e  t o  f i t  t o  t h e  S i i - a G e ^
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WEIGHT PERCENT GERMANIUM
F i g u r e  3 . 1 :  P h a s e  d i a g r a m  o f  t h e  S i - G e  s y s t e m  n e a r  t h e  m e l t i n g  p o i n t  ( f r o m  r e f .  [ 1 6 0 ] ) .  
l a t t i c e  p a r a m e t e r  a s  a  f u n c t i o n  o f  c o m p o s i t i o n  x ,  w h e r e  [ 1 6 3 ]
a  (a : )  =  aSil_ xGex =  0 . 0 0 2 7 3 3  a;2 +  0 . 0 1 9 9 2  a; +  0 . 5 4 3 1  ( n m )  ( 3 . 1 )
a p p r o a c h e s  t h e  e x p e r i m e n t a l  d a t a  w i t h  a m a x i m u m  d e v i a t i o n  o f  0.001 A. H o w e v e r ,  f o r  
s i m p l i c i t y ,  t h e  V e g a r d ’ s  l a w  w i l l  b e  u s e d  i n  t h i s  w o r k ,  s o  t h a t  t h e  l a t t i c e  c o n s t a n t  o f  t h e  
S i i - ^ G e a ;  a l l o y  c a n  b e  r e p r e s e n t e d  a s :
a(x) =  aSil_ xGex =  ( 1  ~  x) aSi +  x  aGe =  ( 1  +  e 0 x) aSi ( 3 . 2 )
w h e r e  t h e  m i s f i t  p a r a m e t e r  e(x)  is  d e f i n e d  a s :
e(x) =  e0 x  — x  =  0 . 0 4 1 6  a; ( 3 . 3 )
V 0>Si /
T h e  G e - G e ,  G e - S i  a n d  S i - S i  b o n d  l e n g t h s ,  m e a s u r e d  b y  E x t e n d e d  X - r a y  A b s o r p t i o n  F i n e -  
s t r u c t u r e  S p e c t r o s c o p y  ( E X A F S )  a n d  X - R a y  D i f f r a c t i o n  ( X R D )  [ 1 6 4 ,  1 6 5 ] ,  a r e  f o u n d  t o  
b e  i n d e p e n d e n t  o f  t h e  g e r m a n i u m  c o n t e n t  w i t h  v a l u e s  o f  2 . 4 2  A, 2 . 3 8  A a n d  2.35  A,
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r e s p e c t i v e l y .  T h e s e  v a l u e s  a r e  c lo s e  t o  t h e  s u m  o f  t h e i r  c o n s t i t u e n t  e l e m e n t  c o v a l e n t  
r a d i i ,  i n d i c a t i n g  t h a t  t h e  s t r u c t u r a l  c h a n g e s ,  t h a t  l e a d  t o  a  c o m p o s i t i o n  d e p e n d e n t  l a t t i c e  
p a r a m e t e r  f o r  t h e  S i i - a G e , *  a l l o y ,  o c c u r  d u e  t o  c h a n g e s  i n  t h e  i n  b o n d  a n g l e s  r a t h e r  t h a n  
i n  t h e  b o n d  l e n g t h .
T w o  i m p o r t a n t  p a r a m e t e r s  w h i c h  a r e  u s e d  t o  d e s c r i b e  t h e  e l a s t i c  p r o p e r t i e s  o f  S i G e  
a l l o y s  a r e  t h e  P o i s s o n  r a t i o  ( v ) ,  a n d  t h e  s h e a r  m o d u l u s  (p).  I n  t h e  a p p r o x i m a t i o n  o f  
e l a s t i c  i s o t r o p y  v  a n d  p  a r e  r e l a t e d  t o  t h e  e l a s t i c  c o n s t a n t s  o f  t h e  a l l o y  ( C y ,  d e f i n e d  a s  
t h e  p r o p o r t i o n a l i t y  f a c t o r s  b e t w e e n  t h e  s t r e s s e s  a n d  t h e  s t r a i n s  i n  a  d i s t o r t e d  m a t e r i a l ,  
t h r o u g h  t h e  s i m p l e  r e l a t i o n s  [ 1 6 6 ] :
v =  7r  Y r \** =  =  5 (Cl1 -  Cl2) (3'4)(O n T  G12J I
W h e n  t h e  c u b i c  s y m m e t r y  o f  t h e  c r y s t a l  i s  t a k e n  i n t o  a c c o u n t ,  m o r e  c o m p l i c a t e d  e x p r e s ­
s io n s  a r e  o b t a i n e d ,  w h i c h  i n v o l v e  t h e  a n i s o t r o p y  f a c t o r  H  =  2 C y  —  (C n  — C u ) .  T h e  r o o m  
t e m p e r a t u r e  v a l u e s  o f  t h e  e l a s t i c  c o n s t a n t s  C n ,  C 12, C 44 a n d  o f  t h e  e l a s t i c  p a r a m e t e r s  v  
a n d  p  f o r  s i l i c o n  a n d  g e r m a n i u m  a r e  s h o w n  i n  t a b l e  3 . 1  [ 1 6 7 ] .  E x p e r i m e n t a l  v a l u e s  o f  t h e  
e l a s t i c  c o n s t a n t s  f o r  S i G e  a l l o y s  w i t h  t h r e e  d i f f e r e n t  g e r m a n i u m  c o n t e n t  ( x  =  0 . 3 6 ,  0 . 4 6  
a n d  0 . 7 2 )  h a v e  b e e n  f o u n d  t o  b e  l a r g e r  t h a n  t h o s e  c a l c u l a t e d  f r o m  a  l i n e a r  i n t e r p o l a t i o n  
o f  t h e  Cij v a l u e s  o f  t h e  p u r e  c o m p o n e n t s  [ 1 6 8 ] ,  H o w e v e r ,  a s  w i l l  b e  s h o w n  i n  t h e  n e x t  
s e c t i o n ,  m a n y  o f  t h e  t h e o r e t i c a l  m o d e l s  i n v o l v i n g  S i G e  a l l o y s  h a v e  b e e n  f o r m u l a t e d  u s i n g  
t h e  e l a s t i c  c o n s t a n t s  o f  p u r e  s i l i c o n .
3 .2 .1  Lattice mismatch and heteroepitaxy
B e c a u s e  s i l i c o n  a n d  s i l i c o n - g e r m a n i u m  h a v e  t h e  s a m e  c r y s t a l  s t r u c t u r e ,  a  l a y e r  o f  S i i - a G e * ;  
c a n  b e  d e p o s i t e d  o n  a  s i l i c o n  s u b s t r a t e  m a n t a i n i n g  a  c o n s i s t e n t  a t o m i c  o r d e r  ( i . e .  e p i t a x -
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©ii ©12 © 4 4 P V
Si 16.57 6.39 7.96 6.81 0.218
Ge 12.89 4.83 6.71 5.64 0.200
T a b l e  3 . 1 :  R o o m  t e m p e r a t u r e  e l a s t i c  c o n s t a n t s  o f  S i  a n d  G e  ( i n  u n i t s  o f  1 0 10 P a ) .  T h e  P o i s s o n  
r a t i o  v  is  d i m e n s io n le s s  ( f r o m  r e f .  [ 1 6 7 ] ) .
i a l l y ) .  H o w e v e r ,  t h e  l a r g e r  l a t t i c e  c o n s t a n t  o f  t h e  S i i _ ® G e x  a l l o y  ( s e e  f i g u r e  3 . 2 ( a ) )  w i l l  
r e s u l t  i n  a  m i s f i t  b e t w e e n  t h e  a l l o y  a n d  t h e  s i l i c o n .  T h i s  m i s f i t  c a n  b e  a c c o m m o d a t e d  
i f  s p e c i f i c  a t o m s  a r e  i m p r o p e r l y  b o n d e d  a t  t h e  s u b s t r a t e / e p i l a y e r  i n t e r f a c e ,  a s  s h o w n  
s c h e m a t i c a l l y  i n  f i g u r e  3 . 2 ( b ) .  S u c h  a  d e p o s i t e d  l a y e r  is  r e f e r r e d  t o  a s  ’ ’ r e l a x e d ” , ’ ’ d i s l o ­
c a t e d ”  o r  ”  u n s t r a i n e d ” , a n d  is  c h a r a c t e r i z e d  b y  a n  a r r a y  o f  m i s f i t  d i s l o c a t i o n s  a t  t h e  s u b ­
s t r a t e / e p i l a y e r  i n t e r f a c e .  A l t e r n a t i v e l y ,  t h e  e p i l a y e r  m a y  g r o w  i n  p e r f e c t  r e g i s t e r  w i t h  t h e  
u n d e r l y i n g  s i l i c o n  s u b s t r a t e ,  p r o v i d e d  t h e  s t r a i n  e n e r g y  is  le s s  t h a n  t h e  e n e r g y  r e q u e s t e d  
t o  f o r m  t h e  a r r a y  o f  m i s f i t  d i s l o c a t i o n s .  T h i s  c a s e  is  r e f e r r e d  t o  a s  ’’ p s e u d o m o r p h i c ” , 
’ ’ s t r a i n e d ”  o r  ’ ’ c o h e r e n t ”  a n d  is  s h o w n  s c h e m a t i c a l l y  i n  f i g u r e  3 . 2 ( c ) .  S i n c e  t h e  l a t t i c e  
c o n s t a n t  o f  a  S i i ^ G e - c  a l l o y  is  l a r g e r  t h a n  t h a t  o f  s i l i c o n ,  a  s t r a i n e d  S i i - a G e . ^  l a y e r  g r o w n  
o n  a  s i l i c o n  s u b s t r a t e  h a s  b i a x i a l  c o m p r e s s i v e  s t r a i n  i n  t h e  p l a n e  o f  t h e  l a y e r .
T h e  o c c u r r e n c e  o f  o n e  o r  o t h e r  o f  t h e s e  c a s e s  is  d e p e n d e n t  u p o n  b o t h  t h e  l a y e r  t h i c k n e s s  
a n d  t h e  c o m p o s i t i o n  o f  t h e  a l l o y .  S t r a i n e d  e p i t a x i a l  g r o w t h  is  g e n e r a l l y  a c h i e v e d  f o r  t h i n  
( o r  n o t  h i g h l y  m i s m a t c h e d )  l a y e r s ,  w h e r e a s  t h i c k  ( o r  s t r o n g l y  m i s m a t c h e d )  l a y e r s  r e s u l t  i n  
r e l a x e d  e p i t a x y .  F o r  e a c h  g i v e n  g e r m a n i u m  c o n t e n t  i n  t h e  a l l o y  l a y e r ,  a  c r i t i c a l  t h i c k n e s s  
( hc )  c a n  b e  d e f i n e d  a s  t h e  m i n i m u m  l a y e r  t h i c k n e s s  a t  w h i c h  t h e  i n t r o d u c t i o n  o f  m i s f i t  
d i s l o c a t i o n s  a t  t h e  s u b s t r a t e / e p i l a y e r  i n t e r f a c e  is  e n e r g e t i c a l l y  f a v o u r e d .  S o m e  o f  t h e  
t h e o r e t i c a l  m o d e l s  e m p l o y e d  i n  t h e  c a l c u l a t i o n  o f  t h i s  p a r a m e t e r  w i l l  b e  d e s c r i b e d  i n  t h e
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EPITAXIAL LAYER
( a )
*
S U B S TR A TE  C RYSTA L
(b )
(c)
F i g u r e  3 . 2 :  T w o  d i m e n s i o n a l  r e p r e s e n t a t i o n  o f  t h e  t w o  a l t e r n a t e  m o d e s  o f  e p i t a x i a l  g r o w t h ,  
( a )  C o m p o n e n t  l a y e r s ,  ( b )  U n s t r a i n e d  e p i t a x y :  t h e  l a t t i c e  m i s m a t c h  p r o d u c e s  d i s l o c a t i o n s  a t  
t h e  i n t e r f a c e ,  ( c )  S t r a i n e d  e p i t a x y :  t h e  a l l o y  l a y e r  d e f o r m s  t o  m a t c h  t h e  a t o m i c  s p a c in g  o f  t h e  
s u b s t r a t e  ( f r o m  r e f .  [ 3 ] ) .
n e x t  s e c t i o n .
F i n a l l y ,  i t  s h o u l d  b e  n o t e d  t h a t  o t h e r  s t r a i n  r e l a x a t i o n  m e c h a n i s m s  e x i s t ,  s u c h  a s  
t h e  f o r m a t i o n  o f  r i p p l e s  o n  t h e  s u r f a c e  o f  t h e  d e p o s i t e d  a l l o y .  T h i s  m e c h a n i s m  h a s  b e e n  
g e n e r a l l y  o b s e r v e d  a s  a  p r e c u r s o r  o f  m i s f i t  d i s l o c a t i o n  g e n e r a t i o n  [ 1 6 9 ,  1 7 0 ] .  F o r  h i g h  
l e v e l s  o f  m i s f i t ,  s u c h  a s  t h e  c a s e  o f  p u r e  g e r m a n i u m  o n  s i l i c o n ,  o n l y  a  f e w  m o n o l a y e r s  c a n  
b e  g r o w n  p s e u d o m o r p h i c a l l y .  A f t e r  t h a t ,  s t r a i n  r e l a x a t i o n  r e s u l t s  i n  t h e  t r a n s i t i o n  f r o m  
a  t w o  d i m e n s i o n a l  ( 2 D )  l a y e r  g r o w t h  t o  3 D  g r o w t h ,  b y  t h e  f o r m a t i o n  o f  s m a l l  f a c e t e d ,  
r e c t a n g u l a r  i s l a n d s  [ 1 7 1 ,  1 7 2 ] .  A n o t h e r  c o n s e q u e n c e  o f  s t r a i n  r e l a x a t i o n  is  i n t e r d i f f u s i o n  
a t  t h e  S i / G e  i n t e r f a c e  d u r i n g  a n n e a l i n g  o f  t h e  h e t e r o s t r u c t u r e .  E x p e r i m e n t a l  s t u d i e s  [ 1 7 3 ]  
h a v e  s h o w n  t h a t  i n t e r d i f f u s i o n  is  s i g n i f i c a n t  o n l y  d u r i n g  t h e  v e r y  e a r l y  s t a g e s  o f  a n n e a l i n g ,  
a f t e r  w h i c h  i t  d e c r e a s e s .
UNSTRAINED
3.2. SIi_xGEa /SI HETEROSTRUCTURES: STRUCTURAL PROPERTIES 45
3 .2.2  Strain relaxation models
3 . 2 . 2 . 1  A b r u p t  i n t e r f a c e s  ( d e p o s i t e d  s t r u c t u r e s )
T h e  e x i s t e n c e  o f  a  c r i t i c a l  l a y e r  t h i c k n e s s  f o r  t h e  i n t r o d u c t i o n  o f  m i s f i t  d i s l o c a t i o n s  a t  t h e  
i n t e r f a c e  b e t w e e n  t w o  d i f f e r e n t  c r y s t a l s ,  w a s  f i r s t  p r o p o s e d  b y  F r a n k  a n d  V a n  d e r  M e r w e  
i n  1 9 4 9  [ 1 7 4 ] .  S u b s e q u e n t l y ,  s e v e r a l  t h e o r e t i c a l  m o d e l s  h a v e  b e e n  d e v e l o p e d  t h a t  c a n  b e  
g r o u p e d  a c c o r d i n g  t o  o n e  o f  t w o  c o n c e p t u a l  a p p r o a c h e s  o n  w h i c h  t h e y  a r e  u s u a l l y  b a s e d .  
I n  t h e  ’ ’ e n e r g y  a p p r o a c h ” , d e v e l o p e d  b y  V a n  d e r  M e r w e  [ 1 7 5 ] ,  t h e  e n e r g y  d e n s i t y  o f  t w o  
p o s s i b l e  c o n f i g u r a t i o n s  o f  t h e  s y s t e m  ( o n e  w i t h  m i s f i t  d i s l o c a t i o n s  a n d  o n e  w i t h o u t )  a r e  
c o m p a r e d  a s  a  f u n c t i o n  o f  t h e  e p i l a y e r  t h i c k n e s s ,  o n  t h e  a s s u m p t i o n  t h a t  t h e  p r e f e r r e d  
c o n f i g u r a t i o n  b e t w e e n  t h e  t w o  is  t h e  o n e  w i t h  t h e  l o w e r  e n e r g y  v a l u e .  T h e  c r i t i c a l  l a y e r  
t h i c k n e s s  is  d e f i n e d  a s  t h a t  t h i c k n e s s  a t  w h i c h  t h e  s t r a i n e d  l a y e r  c o n f i g u r a t i o n  is  r e p l a c e d  
b y  a  c o n f i g u r a t i o n  w i t h  m i s f i t  d i s l o c a t i o n s  s u c h  t h a t  t h e  s y s t e m  is  i n  a  l o w e r  e n e r g y  s t a t e .  
I n  t h e  “ m e c h a n i s t i c  a p p r o a c h ” , i n t r o d u c e d  i n  1 9 7 0  b y  M a t t h e w s  [ 1 7 6 ,  1 7 7 ,  1 7 8 ] ,  a  p a r t i c ­
u l a r  d i s l o c a t i o n  c o n f i g u r a t i o n  is  f i r s t  i d e n t i f i e d ,  t y p i c a l l y  t h a t  o f  a  p r e - e x i s t i n g  t h r e a d i n g  
d i s l o c a t i o n ,  a n d  i t  i s  a s s u m e d  t h a t ,  u n d e r  t h e  e f f e c t  o f  t h e  m i s f i t  s t r a i n ,  m i s f i t  d i s l o c a ­
t i o n s  a r e  g e n e r a t e d  b y  t h e  e l o n g a t i o n  o f  t h e  t h r e a d i n g  d i s l o c a t i o n  a l o n g  t h e  i n t e r f a c e ,  a s  
s c h e m a t i c a l l y  s h o w n  i n  f i g u r e  3 . 3 .  T h e  b a l a n c e  b e t w e e n  t h e  d r i v i n g  f o r c e s  a c t i n g  o n  t h i s  
d i s l o c a t i o n ,  d u e  t o  b o t h  t h e  s t r a i n  i n  t h e  l a y e r  a n d  t o  t h e  l i n e  t e n s i o n  o f  t h e  d i s l o c a t i o n ,  
d e p e n d s ,  f o r  a  g i v e n  m i s f i t  v a l u e ,  o n  t h e  l a y e r  t h i c k n e s s .  W i t h  r e f e r e n c e  t o  f i g u r e  3 . 3 ,  a s  
t h e  l a y e r  t h i c k n e s s  is  p r o g r e s s i v e l y  i n c r e a s e d  f r o m  hi t o  h3, t h e  t h r e a d i n g  d i s l o c a t i o n  l i n e  
is  b o w e d  u n d e r  t h e  i n f l u e n c e  o f  t h e  e l a s t i c  s t r e s s ,  u n t i l  t h e  s t r a i n - i n d u c e d  f o r c e  b e c o m e s  
l a r g e r  t h a n  t h e  l i n e  t e n s i o n  f o r c e  a n d  t h e  u p p e r  p a r t  P Q  o f  t h e  d i s l o c a t i o n  t r a n s l a t e s  
w i t h i n  t h e  l a y e r ,  l e a v i n g  a  s e g m e n t  E P  o f  m i s f i t  d i s l o c a t i o n  a l o n g  t h e  i n t e r f a c e .  T h e
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t h i c k n e s s  a t  w h i c h  t h i s  c o n d i t i o n  is  m e t  is  t h e r e f o r e  r e f e r r e d  t o  a s  t h e  c r i t i c a l  t h i c k n e s s
( h c ) .
F i g u r e  3 . 3 :  E l o n g a t i o n  o f  a  t h r e a d i n g  d i s l o c a t i o n  t o  f o r m  a  l e n g t h  E P  o f  m i s f i t  d i s l o c a t i o n  l i n e  
( f r o m  r e f .  [ 1 7 9 ] ) .
T h e  t w o  a p p r o a c h e s  h a v e  b e e n  s h o w n  b y  M a t t h e w s  [ 1 7 8 ]  t o  b e  e q u i v a l e n t .  F o r  t h e  
” e n e r g y  a p p r o a c h ” , h e  c o n s i d e r e d  t h e  t o t a l  e n e r g y  (E t ) o f  a  s y s t e m  i n  w h i c h  t h e  m i s f i t  
( / )  b e t w e e n  t h e  s u b s t r a t e  a n d  t h e  e p i l a y e r ,  w h o s e  l a t t i c e  p a r a m e t e r s  a r e  a s s u m e d  t o  b e  
a 0 a n d  r e s p e c t i v e l y ,  i s  s h a r e d  b y  a n  a r r a y  o f  m i s f i t  d i s l o c a t i o n s  ( J )  a n d  h o m o g e n e o u s  
e l a s t i c  s t r a i n  ( e ) ,  s o  t h a t
= 5  +  e ( 3 . 5 )
a0
T h e  e n e r g y  ( E e)  a s s o c i a t e d  w i t h  t h e  e l a s t i c  s t r a i n  ( e )  i s  g i v e n  b y  [ 1 8 0 ]
E e =  2 i J , ( 7 ± D j  e2 h ( 3 . 6 )
w h e r e  p  a n d  v  a r e  t h e  s h e a r  m o d u l u s  a n d  t h e  P o i s s o n  r a t i o ,  r e s p e c t i v e l y ,  a n d  h  i s  t h e  
f i l m  t h i c k n e s s .  I n  t h e  s i m p l e  c a s e  o f  t w o  p e r p e n d i c u l a r  a n d  n o n i n t e r a e t i n g  a r r a y s  o f  e d g e  
d i s l o c a t i o n s  w i t h  t h e  B u r g e r s  v e c t o r  ( b)  i n  t h e  i n t e r f a c e  p l a n e ,  t h e  a v e r a g e  s e p a r a t i o n  ( p )  
o f  a d j a c e n t  m i s f i t  d i s l o c a t i o n s  a n d  t h e  e n e r g y  (Ed) o f  a n  i s o l a t e d  e d g e  d i s l o c a t i o n  a r e
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g i v e n  b y  t h e  f o l l o w i n g  e x p r e s s i o n s  [ 1 7 7 ] :
P =  T =  7---5 f - e
and E d =
p b 2
4 7 t ( 1  —  p )
In [ — ) + 1 ( 3 . 7 )
s o  t h a t  t h e  e n e r g y  (E$) a s s o c i a t e d  w i t h  t h e  m i s f i t  ( J )  a c c o m m o d a t e d  b y  t h e  d i s l o c a t i o n s
is
E t =  - E d =  ( f - e )  f  -  
p 2 tt (1  —  v)
In m  +  1
F o r  a  g i v e n  m i s f i t  ( / )  a n d  l a y e r  t h i c k n e s s  (h), t h e  t o t a l  e n e r g y  E t  
o n l y  o n  t h e  s t r a i n  ( e ) .  T h e  v a l u e  ( e * )  w h i c h  m i n i m i s e s  E t  is
( 3 . 8 )
E s  +  E e d e p e n d s
6 =
8 7T h  (1  +  v)
In  | i  | +  1 ( 3 . 9 )
I f  e *  is  l a r g e r  t h a n  / ,  a  s t r a i n e d  c o n f i g u r a t i o n  w i t h  n o  d i s l o c a t i o n s  is  p r e d i c t e d  a n d  t h e  
t o t a l  e n e r g y  o f  t h e  s y s t e m  is  g i v e n  b y  E e ( c f r .  e q u a t i o n  ( 3 . 6 ) )  c a l c u l a t e d  w i t h  e — f .  
I f  e *  i s  s m a l l e r  t h a n  / ,  a  r e l a x e d  s t r u c t u r e  w i t h  m i s f i t  d i s l o c a t i o n s  is  p r e d i c t e d ,  w h o s e  
t o t a l  e n e r g y  E T i s  g i v e n  b y  t h e  s u m  E e +  E s  ( c f r .  e q u a t i o n s  ( 3 . 6 )  a n d  ( 3 . 8 ) ,  r e s p e c t i v e l y )  
c a l c u l a t e d  w i t h  e — e*. F i n a l l y ,  f o r  e a c h  v a l u e  o f  / ,  a  c r i t i c a l  t h i c k n e s s  (hc) e x i s t s  a t  
w h i c h  e *  =  / .  I n  s u c h  c o n d i t i o n s ,  i t  b e c o m e s  e n e r g e t i c a l l y  f a v o u r a b l e  f o r  t h e  f i r s t  m i s f i t  
d i s l o c a t i o n s  t o  b e  i n t r o d u c e d  w h e r e  hc i s  g i v e n  b y
hr
8 7 r / ( l  +  v )
in [ ^  } + l ( 3 . 1 0 )
I n  t h e  “ m e c h a n i s t i c  a p p r o a c h ” , M a t t h e w s  [ 1 7 8 ]  a s s u m e d  t h a t  m i s f i t  d i s l o c a t i o n s  a r e  
i n t r o d u c e d  b y  g l i d e  o f  a  p r e - e x i s t i n g  t h r e a d i n g  d i s l o c a t i o n .  T h e  f o r c e  (F e) e x e r t e d  o n  t h e  
m i s f i t  d i s l o c a t i o n  b y  t h e  s t r a i n  ( e ) ,  w h i c h  c a u s e s  i t  t o  e l o n g a t e  is
F e =  2 p  ( L J l A  ) e h b c o s X  
1 —  v
(3.11)
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w h e r e  A  is  t h e  a n g l e  b e t w e e n  t h e  m i s f i t  d i s l o c a t i o n  B u r g e r s  v e c t o r  ( b)  a n d  a  l i n e  i n  t h e  
i n t e r f a c e  d r a w n  p e r p e n d i c u l a r  t o  t h e  d i s l o c a t i o n  l i n e  d i r e c t i o n .  T h e  r e s t o r i n g  l i n e  t e n s i o n  
f o r c e  ( Fi), w h i c h  t e n d s  t o  s h r i n k  t h e  m i s f i t  d i s l o c a t i o n  is
F i =
p h 2
47T (1  —  v)
(1  —  u cos2 a) In  I ~  1 +  1 ( 3 . 1 2 )
w h e r e  a  i s  t h e  a n g l e  b e t w e e n  t h e  d i s l o c a t i o n  l i n e  a n d  i t s  B u r g e r s  v e c t o r .  I f  o t h e r  f o r c e s  
a c t i n g  o n  t h e  d i s l o c a t i o n  a r e  n e g l e c t e d ,  t h e  e q u i l i b r i u m  s t r a i n  ( e * )  i s  o b t a i n e d  b y  s o l v i n g  
F e — Fi w i t h  r e s p e c t  t o  e:
e *  =  c o s A  ( l  —  i /  cos2a)
8  7T h ( 1  +  v)
In  I ~  } +  1 ( 3 . 1 3 )
F o r  a  p u r e  e d g e  m i s f i t  d i s l o c a t i o n ,  w i t h  t h e  B u r g e r s  v e c t o r  i n  t h e  i n t e r f a c e  p l a n e  ( A  =  0 °  
a n d  a  — 9 0 ° ) ,  e q u a t i o n  ( 3 . 1 3 )  b e c o m e s  i d e n t i c a l  t o  e q u a t i o n  ( 3 . 9 ) ,  d e r i v e d  u s i n g  t h e  
“ e n e r g y  a p p r o a c h ” . W i t h  s i m i l a r  c o n s i d e r a t i o n s  t o  t h e  p r e v i o u s  c a s e ,  t h e  c r i t i c a l  t h i c k n e s s  
i s  t h e r e f o r e  d e f i n e d  a s  t h e  t h i c k n e s s  a t  w h i c h  t h e  e q u i l i b r i u m  s t r a i n  ( e * )  i s  e q u a l  t o  t h e  
m i s f i t  ( / )  b e t w e e n  t h e  s u b s t r a t e  a n d  t h e  e p i l a y e r .  M o r e  c o m p l e x  e x p r e s s i o n s  f o r  t h e  
c r i t i c a l  t h i c k n e s s  a r e  o b t a i n e d  i f  o t h e r  f o r c e s  a c t i n g  o n  t h e  m i s f i t  d i s l o c a t i o n  a r e  c o n s i d e r e d ,  
s u c h  a s  t h e  t e n s i o n  i n  t h e  s u r f a c e  s t e p  c r e a t e d  b y  t h e  m o v i n g  d i s l o c a t i o n  a n d  t h e  t e n s i o n  
i n  t h e  s t a c k i n g  f a u l t ,  i f  t h e  m o v i n g  d i s l o c a t i o n  is  a  p a r t i a l  d i s l o c a t i o n .
A n  e x a m p l e  o f  t h e  c o m p a r i s o n  o f  t h e  t h e o r e t i c a l  p r e d i c t i o n s  w i t h  e x p e r i m e n t a l  r e s u l t s  
is  g i v e n  i n  f i g u r e  3 . 4 ,  w h e r e  t h e  c r i t i c a l  t h i c k n e s s  h a s  b e e n  c a l c u l a t e d  f o r  t h e  c a s e  o f  6 0 °  
p e r f e c t  m i s f i t  d i s l o c a t i o n s  i n  a  S i G e / S i  ( 0 0 1 )  s y s t e m ,  w i t h  b =  a /2  <  1 0 1  >  a n d  t h e  l i n e  
d i r e c t i o n  o f  t h e  <  1 1 0  >  t y p e  ( t h e r e f o r e  A  =  a  =  6 0 ° )  a n d  t h e  t e r m  [ln (h /b)  +  1 ] i n  
e q u a t i o n  ( 3 . 1 3 )  h a s  b e e n  r e p l a c e d  b y  l n ( y h /b ) ,  w h e r e  7  i s  a  f a c t o r  w h i c h  d e s c r i b e s  t h e  
e n e r g y  o f  t h e  d i s l o c a t i o n  c o r e .  T h e  v a l u e s  o f  t h e  o t h e r  p a r a m e t e r s  are v  =  0 . 2 8 ,  b — 3.9 A
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a n d  /  =  0 . 0 4 1 7  x , w h e r e  x  is  t h e  g e r m a n i u m  f r a c t i o n  i n  t h e  a l l o y  l a y e r .
F i g u r e  3 . 4 :  P r e d i c t i o n  o f  t h e  M a t t h e w s  a n d  B l a k e s le e  t h e o r y  f o r  t h e  c r i t i c a l  t h i c k n e s s  (hc) 
i n  S i G e / S i  ( 001)  s t r u c t u r e s  a s  a  f u n c t i o n  o f  t h e  g e r m a n i u m  c o n t e n t  ( x ) ,  f o r  d i f f e r e n t  v a l u e s  o f  
t h e  c o r e  e n e r g y  p a r a m e t e r  ( 7 ) .  A l s o  s h o w n  a r e  e x p e r i m e n t a l  m e a s u r e m e n t s  o f  hc f o r  d i f f e r e n t  
g r o w t h / a n n e a l i n g  t e m p e r a t u r e s  f r o m  t h e  w o r k  o f  ( a )  B e a n  e t  a l .  [ 1 8 1 ] ,  ( b )  K a s p e r  e t  a l .  [ 1 8 ] ,  
( c )  G r e e n  e t  a l .  [ 1 8 2 ]  a n d  ( d )  H o u g h t o n  e t  a l .  [ 1 8 3 ]  ( f r o m  r e f .  [ 1 8 4 ] ) ,
I t  i s  s e e n  f r o m  f i g u r e  3 . 4  t h a t  g o o d  a g r e e m e n t  is  o b t a i n e d  b e t w e e n  t h e  t h e o r e t i c a l  
p r e d i c t i o n s  a n d  t h e  e x p e r i m e n t a l  v a l u e s  o f  hc i n  t h e  c a s e  o f  S i G e / S i  s t r u c t u r e s  p r o c e s s e d  
a t  h i g h  t e m p e r a t u r e  ( C V D  g r o w t h  a t  9 0 0 ° C  i n  r e f .  [ 1 8 2 ]  a n d  p o s t - g r o w t h  a n n e a l i n g  a t  
9 5 0 ° C  i n  r e f .  [ 1 8 3 ] ) ,  w h i l e  l a r g e r  v a l u e s  t h a n  t h o s e  p r e d i c t e d  b y  t h e  t h e o r y  a r e  o b t a i n e d  
f r o m  s t r u c t u r e s  g r o w n  a t  7 5 0 ° C  ( M B E  [ 1 8 ] ) .  A  d i s c r e p a n c y  w i t h  t h e  m o d e l  w a s  r e p o r t e d  
b y  B e a n  e t  a l .  [ 1 8 1 ]  t o  b e  m u c h  m o r e  s i g n i f i c a n t  w h e n  t h e  g r o w t h  t e m p e r a t u r e  w a s  
l o w e r e d  t o  5 5 0 ° C .  T h e s e  r e s u l t s  h i g h l i g h t e d  t w o  i m p o r t a n t  is s u e s  r e l a t e d  t o  t h e  s t u d y  
o f  t h e  r e l a x a t i o n  o f  S i G e / S i  s t r u c t u r e s .  F i r s t ,  t h e  v a l u e  o f  t h e  e x p e r i m e n t a l  s e n s i t i v i t y  
t o  d e t e c t  t h e  p r e s e n c e  o f  d i s l o c a t i o n s  a n d ,  s e c o n d l y ,  t h e  o c c u r a n c e  o f  ’ ’ m e t a s t a b i l i t y ” , 
d e f i n e d  a s  t h e  r e g i m e  i n  w h i c h  t h e r m o d y n a m i c a l  e q u i l i b r i u m  is  p r e v e n t e d  b y  t h e  p r e s e n c e  
o f  a c t i v a t i o n  e n e r g y  b a r r i e r s  t o  t h e  n u c l e a t i o n  a n d  p r o p a g a t i o n  o f  m i s f i t  d i s l o c a t i o n s  [ 1 8 4 ] .  
T h e  e x p e r i m e n t a l  t e c h n i q u e  u s e d  t o  d e t e r m i n e  t h e  o n s e t  o f  d i s l o c a t i o n  g e n e r a t i o n  b y  B e a n
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e t  a l .  w e r e  X  R a y  D i f f r a c t i o n  ( X R D ) ,  R u t h e r f o r d  B a c k s c a t t e r i n g  S p e c t r o s c o p y  ( R B S )  
a n d  T r a n s m i s s i o n  E l e c t r o n  M i c r o s c o p y  ( T E M ) ,  w h i l e  E a g l e s h a m  e t  a l .  [ 1 8 5 ]  u s e d  X - r a y  
t o p o g r a p h y  t o  s t u d y  s i m i l a r  s t r u c t u r e s  a n d  d e d u c e d  v a l u e s  o f  hc w h i c h  w e r e  a b o u t  f o u r  
t i m e s  s m a l l e r ,  b u t  s t i l l  l a r g e r  t h a n  t h e  t h e o r e t i c a l l y  p r e d i c t e d  v a l u e .  I n d e e d ,  w h i l e  i t  h a s  
b e e n  s u g g e s t e d  [ 1 8 6 ]  t h a t  t h e  e x p e r i m e n t a l  t e c h n i q u e s  m u s t  h a v e  g o o d  s e n s i t i v i t y  i f  t h e  
c o r r e c t  v a l u e  o f  hc is  t o  b e  d e t e r m i n e d ,  m a n y  e x p e r i m e n t a l  s t u d i e s  h a v e  s h o w n  t h a t  hc is  
l a r g e r  f o r  l a y e r s  g r o w n  o r  a n n e a l e d  a t  l o w e r  t e m p e r a t u r e s  [ 1 8 7 ,  1 8 8 ,  1 8 9 ] .
T h e  m e t a s t a b i l i t y  o f  t h e  s t r a i n e d  l a y e r  c o n f i g u r a t i o n  is  a  c o n s e q u e n c e  o f  t h e  p r e s e n c e  
o f  ’ ’ a c t i v a t i o n  e n e r g y  b a r r i e r s ”  a s s o c i a t e d  w i t h  t h e  v a r i o u s  k i n e t i c  p r o c e s s e s  o c c u r r i n g  
d u r i n g  r e l a x a t i o n ,  e s p e c i a l l y  n u e l e a t i o n  a n d  p r o p a g a t i o n  o f  m i s f i t  d i s l o c a t i o n s  a n d ,  i n  
t h e  l a t e r  s t a g e s  o f  s t r a i n  r e l i e f ,  t h e i r  m u t u a l  i n t e r a c t i o n .  T h r e e  d i f f e r e n t  s t r a i n / t h i c k n e s s  
r e g i m e s  c a n  b e  i d e n t i f i e d ,  w h e r e  d i f f e r e n t  n u e l e a t i o n  m e c h a n i s m s  a r e  a c t i v e  [ 1 8 4 ] .  F o r  
h i g h  s t r a i n  v a l u e s  ( >  0 .02)  h o m o g e n e o u s  n u e l e a t i o n  i s  e x p e c t e d  t o  d o m i n a t e .  I n  t h i s  c a s e  
d i s l o c a t i o n  l o o p s  a r e  n u c l e a t e d  i n  t h e  b u l k  o f  t h e  m a t e r i a l  o r  h a l f - l o o p s  a t  t h e  f r e e  s u r f a c e ,  
w h i c h  s u b s e q u e n t l y  e v o l v e  i n t o  m i s f i t  d i s l o c a t i o n s .  F o r  l o w  s t r a i n  v a l u e s  ( < 0 .02 )  a n d  t h i c k  
l a y e r s  ( s e v e r a l  t h o u s a n d  A o r  m o r e )  t h e  d o m i n a n t  m e c h a n i s m  is  d i s l o c a t i o n  m u l t i p l i c a t i o n ,  
s u c h  a s  o c c u r s  a t  a  F r a n k - R e a d  s o u r c e .  F i n a l l y ,  i n  t h e  l o w  s t r a i n ,  l o w  t h i c k n e s s  r e g i m e  
h e t e r o g e n e o u s  n u e l e a t i o n  w i l l  c o n t r o l  t h e  g e n e r a t i o n  o f  m i s f i t  d i s l o c a t i o n s .  H e t e r o g e n e o u s  
n u e l e a t i o n  s i t e s  g e n e r a l l y  c o r r e s p o n d  t o  c r y s t a l  g r o w t h  d e f e c t s  s u c h  a s  m e t a l  p r e c i p i t a t e s ,  
s u r f a c e  o r  i n t e r f a c e  c o n t a m i n a t i o n  o r  p o o r  c l e a n i n g .
I n  a n  a t t e m p t  t o  p r e d i c t  t h e  m e t a s t a b i l i t y  o f  t h e  g r o w n  s t r u c t u r e  a s  a  f u n c t i o n  o f  t h e  
d i f f e r e n t  e x p e r i m e n t a l  p a r a m e t e r s ,  ’’ k i n e t i c ”  s t r a i n  r e l a x a t i o n  m o d e l s  h a v e  b e e n  p r o p o s e d ,  
w h i c h  a c c o u n t  f o r  t h e  k i n e t i c  e f f e c t s  m e n t i o n e d  a b o v e  [ 1 9 0 ,  1 9 1 ,  1 9 2 ,  1 9 3 ] .  A s  a n  e x a m p l e ,
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f i g u r e  3 . 5  s h o w s  t h e  c o m p a r i s o n  o f  t h e  D o d s o n - T s a o  m o d e l  [ 1 9 0 ,  1 9 1 ]  t o  t h e  c r i t i c a l  
t h i c k n e s s  m e a s u r e m e n t s  o f  B e a n  e t  a l .  [ 1 8 1 ]  a n d  K a s p e r  e t  a l .  [ 1 8 ] .
\X
V)
CO
UJ2:V
CJ
X►—
X
LATTICE MISMATCH
F i g u r e  3 . 5 :  P r e d i c t i o n s  o f  t h e  D o d s o n - T s a o  m o d e l  f o r  g r o w t h  o f  S i G e  a t  5 5 0 ° C  a n d  7 5 0 ° C ,  
c o m p a r e d  w i t h  t h e  e q u i v a l e n t  e x p e r i m e n t a l  d a t a  o f  B e a n  e t  a l .  [ 1 8 1 ]  a n d  K a s p e r  e t  a l .  [1 8 ]  
( f r o m  r e f .  [ 1 9 0 ] ) .
T h e  m o d e l  g i v e s  t h e  v a r i a t i o n  w i t h  t i m e  o f  t h e  s t r a i n  e(t) r e l i e v e d  b y  m i s f i t  d i s l o c a t i o n s  
a t  a  g i v e n  t e m p e r a t u r e ,  a c c o r d i n g  t o  t h e  f o l l o w i n g  e q u a t i o n :
de(t)
dt
C  fi ( e 0 -  e ( i )  -  teq)(e ( i )  +  e 5 ) ( 3 . 1 4 )
w h e r e  eo is  t h e  i n i t i a l  l a t t i c e  m i s m a t c h  s t r a i n ,  es i s  a n  i n i t i a l  ” s o u r c e ”  d e n s i t y  o f  d i s l o c a ­
t i o n s ,  eeq is  t h e  e q u i l i b r i u m  s t r a i n  i n  t h e  s t r u c t u r e  ( s i m i l a r  t o  t h a t  d e r i v e d  b y  M a t t h e w s  
a n d  d e s c r i b e d  a b o v e )  a n d  C  i s  a  c o n s t a n t .  C  a n d  e 5 , d e r i v e d  a s  a d j u s t a b l e  p a r a m e t e r s  
f r o m  a  b e s t  f i t  w i t h  t h e  e x p e r i m e n t a l  d a t a ,  w e r e  f o u n d  t o  b e  3 0 . 1  a n d  1 0 - 4 , r e s p e c t i v e l y .
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3 . 2 . 2 . 2  G r a d e d  i n t e r f a c e s  ( i o n  b e a m  s y n t h e s i s e d  s t r u c t u r e s )
G e r m a n i u m  i o n  i m p l a n t e d  d e p t h  p r o f i l e s  i n e v i t a b l y  h a v e  g r a d e d  i n t e r f a c e s  d u e  t o  t h e  
r a n d o m  n a t u r e  o f  t h e  f a s t  i o n  e n e r g y  lo s s  p r o c e s s e s .  I n  a  w o r k  p u b l i s h e d  i n  1 9 9 1  P a i n e  
e t  a l .  [ 2 3 ]  p r o p o s e d  a  m o d i f i c a t i o n  o f  t h e  c o n v e n t i o n a l  c r i t i c a l  t h i c k n e s s  c a l c u l a t i o n s  i n  
o r d e r  t o  i n c l u d e  t h e  p r e s e n c e  o f  a  g r a d e d  s t r a i n  e n e r g y  p r o f i l e ,  t y p i c a l  o f  i o n  i m p l a n t e d  
m a t e r i a l s .  T h i s  m o d e l  h a s  b e e n  f o u n d  t o  p r e d i c t  e x p e r i m e n t a l  o b s e r v a t i o n s  o f  d e f e c t s  i n  
r e g r o w n  a l l o y s  s y n t h e s i s e d  b y  G e +  i m p l a n t a t i o n .  I n  p a r t i c u l a r  i t  i s  b a s e d  o n  t h e  t h e o r y  
o f  M a t t h e w s  [ 1 7 7 ]  a n d  t h e  s t r a i n  e n e r g y  a p p r o a c h  d e s c r i b e d  b y  F r e u n d  [ 1 7 9 ] .  I n  t h a t  
a p p r o a c h  t h e  c r i t i c a l  t h i c k n e s s  is  d e f i n e d  a s  t h e  s t r a i n e d - l a y e r  t h i c k n e s s  a t  w h i c h  t h e  
w o r k  d o n e  d u e  t o  s t r e s s e s  i n  t h e  l a y e r  d u r i n g  c o m m e n s u r a t e  g r o w t h  e q u a l s  t h e  w o r k  t h a t  
i s  r e q u i r e d  t o  i n t r o d u c e  s t r a i n  r e l i e v i n g  d e f e c t s  i n  t h e  m a t e r i a l .  I t  i s  c l e a r  f r o m  s e c t i o n
3 . 2 . 2 .1 t h a t  t h e  c a l c u l a t e d  v a l u e  o f  hc w i l l  d e p e n d  o n  t h e  t y p e  o f  d e f e c t s  c o n s i d e r e d .  I n  
t h e  m o d e l  o f  P a i n e  i t  i s  a s s u m e d  t h a t  i n  r e l a x e d  s t r u c t u r e s  t h e  s t r a i n  is  r e l i e v e d  b y  t h e  
f o r m a t i o n  o f  ( i )  s t a c k i n g  f a u l t s  a n d  ( i i )  m i s f i t  d i s l o c a t i o n s .  S t a c k i n g  f a u l t s  n o r m a l l y  l i e  
i n  { 1 1 1 }  p l a n e s  a n d  a r e  b o u n d  a t  o n e  e n d  b y  a  p a r t i a l  d i s l o c a t i o n  w i t h  a  B u r g e r s  v e c t o r  
b =  a /6  <  1 1 2  >  a n d  a t  t h e  o t h e r  e n d  b y  t h e  f r e e  s u r f a c e  o f  t h e  m a t e r i a l .  I f  n o w  w e  
c o n s i d e r  a  s t a c k i n g  f a u l t s  o n  t h e  ( 1 1 1 )  p l a n e ,  t h e  B u r g e r s  v e c t o r s  o f  t h e  p o s s i b l e  b o u n d i n g  
p a r t i a l s  a r e  [ 1 1 2 ] ,  [ 1 2 1 ]  a n d  [ 2 1 1 ]  ( [ 1 9 4 ] ) .  I t  is  a s s u m e d  t h a t  t h e  l i n e  d i r e c t i o n  o f  a  p a r t i a l  
d i s l o c a t i o n  w i l l  l i e  i n  t h e  [ 1 1 0 ]  d i r e c t i o n .  I n  t h i s  w a y  t h e  f i r s t  o f  t h e  a b o v e  m e n t i o n e d  
p a r t i a l s  w i l l  l i e  a t  a n  a n g l e  o f  9 0 °  t o  t h e  [ I l O ]  r e s u l t i n g  i n  a  p u r e  e d g e  d i s l o c a t i o n ;  t h e  t w o  
o t h e r  p a r t i a l s  w i l l  m a k e  a n  a n g l e  o f  3 0 °  w i t h  t h e  d i s l o c a t i o n  l i n e .  I n  t h e  c a s e  o f  a  m i s f i t  
d i s l o c a t i o n ,  t h i s  w i l l  l i e  p a r a l l e l  t o  e i t h e r  t h e  [11 0 ] o r  t h e  [110 ] d i r e c t i o n s  w i t h ,  g e n e r a l l y ,  
a  B u r g e r s  v e c t o r  e q u a l  t o  a / 2 [ 0 1 1 ]  w h i c h  m a k e s  a n  a n g l e  o f  4 5 °  w i t h  t h e  v e r t i c a l  [ 0 0 1 ]  a n d
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a n  a n g l e  o f  6 0 °  w i t h  t h e  d i s l o c a t i o n  l i n e .  S u c h  a  d i s l o c a t i o n  is  r e f e r r e d  t o  a s  a  6 0 °  m i s f i t .
T h e  a d a p t a t i o n  o f  t h e  c o n v e n t i o n a l  c r i t i c a l  t h i c k n e s s  c a l c u l a t i o n  m o d e l  t o  g r a d e d  
S i i - ^ G e ^ / S i  h e t e r o s t r u c t u r e s  is  a c h i e v e d  t h r o u g h  t h e  c o n s i d e r a t i o n  o f  t w o  f e a t u r e s ,  n a m e l y :  
( i )  s i n c e  t h e r e  is  n o  w e l l - d e f i n e d  c o m p o s i t i o n a l  i n t e r f a c e  i n  a n  i o n  i m p l a n t e d  m a t e r i a l ,  t h e  
s t a b l e  p o s i t i o n  ( d e p t h  b e n e a t h  t h e  s u r f a c e )  (x f)  ° f  a  d e f e c t  i n  t h e  s t r a i n e d  l a y e r  ( a s s u m i n g  
t h a t  t h e  f o r m a t i o n  o f  a  d e f e c t  is  e n e r g e t i c a l l y  f e a s i b l e )  is  d e t e r m i n e d  a n d  i s  u s e d  t o  d e f i n e  
t h e  i n t e r f a c e  b e t w e e n  t h e  s u b s t r a t e  a n d  t h e  e p i l a y e r .  ( i i )  T h e  a n a l y s i s  m u s t  t a k e  i n t o  a c ­
c o u n t  t h e  c o m p o s i t i o n - d e p t h  p r o f i l e  w h e n  c a l c u l a t i n g  t h e  a r e a l  d e n s t i t y  ( o r  i m p l a n t  d o s e )  
t h a t  c a n  b e  a c c o m m o d a t e d  e l a s t i c a l l y  i n  t h e  r e g r o w n  m a t e r i a l .  A s s u m i n g  t h a t  a  d e f e c t  
h a s  b e e n  f o r m e d ,  i t s  s t a b l e  p o s i t i o n  ( a ^ )  is  d e t e r m i n e d  b y  t h e  b a l a n c e  o f  a l l  t h e  f o r c e s  
a c t i n g  o n  t h e  d e f e c t ,  w h i c h  c a u s e  i t  t o  m o v e  a l o n g  i t s  g l i d e  p l a n e .  I n  t h i s  d i s c u s s i o n ,  
k i n e t i c  e f f e c t s  a r e  i g n o r e d ,  s o  t h a t  t h e  d e f e c t  c a n  b e  p o s i t i o n e d  a n y w h e r e  i n  t h e  s t r a i n  
g r a d i e n t  b y  m o v i n g  a l o n g  i t s  g l i d e  p l a n e .  A n  i m a g e  f o r c e  ( p e r  u n i t  l e n g t h )  ( F i m )  e x i s t s  
d u e  t o  t h e  p r e s e n c e  o f  t h e  f r e e  s u r f a c e  w h i c h  t e n d s  t o  p u l l  t h e  d i s l o c a t i o n  t o w a r d s  t h e  
s u r f a c e  a n d  v a r i e s  i n v e r s e l y  w i t h  d e p t h  ( y )  [ 1 9 4 ]
O f t
w h e r e  p  i s  t h e  s h e a r  m o d u l u s ,  v  is  t h e  P o i s s o n ’ s  r a t i o ,  be a n d  bs a r e  t h e  e d g e  a n d  s c r e w  
c o m p o n e n t s  o f  t h e  B u r g e r s  v e c t o r  a n d  a  i s  t h e  a n g l e  t h a t  t h e  n o r m a l  t o  t h e  w a f e r  m a k e s  
w i t h  t h e  n o r m a l  t o  t h e  g l i d e  p l a n e .  F o r  b o t h  t h e  p a r t i a l  d i s l o c a t i o n s  a n d  t h e  6 0 °  m i s f i t  
d i s l o c a t i o n s  t h e  g l i d e  p l a n e  is  o f  t h e  { 1 1 1 }  t y p e ,  t h e r e f o r e  a  ~  5 4 ° .  I f  t h e  d i s l o c a t i o n  is  a  
p a r t i a l  w h i c h  b o u n d s  a  s t a c k i n g  f a u l t  t h e r e  is  a n  a d d i t i o n a l  f o r c e  ( p e r  u n i t  l e n g t h )  d u e  t o  
t h e  s u r f a c e  e n e r g y  o f  t h e  s t a c k i n g  f a u l t  ( 7 )  w h i c h  t e n d s  t o  p u l l  t h e  p a r t i a l  a l o n g  i t s  g l i d e
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p l a n e  t o w a r d s  t h e  s u r f a c e .  T h i s  f o r c e  p e r  u n i t  l e n g t h  i s  s i m p l y  [ 2 3 ] :
F sf =  7  ( 3 . 1 6 )
T h e s e  f o r c e s  a r e  b a l a n c e d  b y  t h e  s h e a r  f o r c e  a c t i n g  o n  t h e  d i s l o c a t i o n ,  d u e  t o  t h e  l a t t i c e
m i s m a t c h .  T h e  d i r e c t i o n  o f  t h i s  f o r c e  m o v e s  t h e  d i s l o c a t i o n  a w a y  f r o m  t h e  s u r f a c e  a n d
t h e  m a g n i t u d e  is  g i v e n  b y  [ 1 7 9 ]
F pk =  bea Q(y) sin  a  ( 3 . 1 7 )
w h e r e
<To(y) =  ( 3 . 1 8 )
a n d  y  i s  t h e  d e p t h  a t  w h i c h  t h e  d e f e c t  is  l o c a t e d ,  x pQ^k i s  t h e  p e a k  G e  c o n c e n t r a t i o n  
a n d  R p a n d  A R p a r e  t h e  p r o j e c t e d  r a n g e  a n d  t h e  l o n g i t u d i n a l  s t a n d a r d  d e v i a t i o n  r e l a t e d  
t o  t h e  G e +  i m p l a n t a t i o n ,  r e s p e c t i v e l y .  T h e  d e f e c t  w i l l  b e  l o c a t e d  i n  t h e  p o s i t i o n  w h e r e  
Fim +  F af  — Fpk. A s  c a n  b e  s e e n  i n  f i g u r e  3 . 6 ,  t h i s  r e l a t i o n  is  s a t i s f i e d  a t  t w o  d e p t h s ,  o n e  
c lo s e  t o  t h e  s u r f a c e ,  w h i c h  c o r r e s p o n d s  t o  a n  u n s t a b l e  e q u i l i b r i u m ,  a n d  a n o t h e r  w h i c h  is  
d e e p e r  a n d  c o r r e s p o n d s  t o  t h e  s t a b l e  d e f e c t  p o s i t i o n  a n d  is  u s e d  t o  d e f i n e  Xd• T h e  p o s i t i o n  
x d is  t h e n  u s e d  t o  d e f i n e  t h e  p o s i t i o n  o f  t h e  s u b s t r a t e / e p i l a y e r  i n t e r f a c e  p r i o r  t o  S P E G ,  
s o  t h a t  t h e  t h i c k n e s s  o f  t h e  r e g r o w n  l a y e r  is  (x d —  y ) .
A c c o r d i n g  t o  F r e u n d  [ 1 7 9 ]  t h e  w o r k  d o n e  t o  f o r m  a  u n i t  l e n g t h  o f  d i s l o c a t i o n  is :
r tpFdisl 47t(1 — v)
In
'2(xd -  y)'
- © I  +  ~ ± l n
2 (xd - y ) '
I ro j 47T ro
( 3 . 1 9 )
„ 1 1 —  2v .
C  =  - c o s 2 a - ^ [ - V) ( 3 . 2 0 )
w h e r e  (x d — y)  i s  t h e  f i l m  t h i c k n e s s ,  rQ i s  t h e  d i s l o c a t i o n  c o r e  d i a m e t e r  ( a s s u m e d  t o  b e  
6 / 4 )  a n d  a l l  t h e  o t h e r  p a r a m e t e r s  h a v e  b e e n  d e f i n e d  p r e v i o u s l y .
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F i g u r e  3 . 6 :  S c h e m a t i c  r e p r e s e n t a t i o n  o f  t h e  a p p r o a c h  u s e d  t o  d e t e r m i n e  t h e  f o r c e - b a l a n c e d  
d e f e c t  p o s i t i o n  ( f r o m  r e f .  [ 2 3 ] ) .
I f  t h e  d i s l o c a t i o n  is  b o u n d i n g  a  s t a c k i n g  f a u l t  t h e  a d d i t i o n a l  w o r k  ( W f auit) t o  i n t r o d u c e  
t h i s  d e f e c t  h a s  t o  b e  c o n s i d e r e d  [22 ] :
y ( x d -  y)
~Wfay.lt — cosa
( 3 . 2 1 )
w h e r e  7  i s  t h e  s t a c k i n g  f a u l t  e n e r g y  ( 6 0  m J / m 2 f o r  S i  [ 1 9 5 ] ) .  T h e  w o r k  n e c e s s a r y  t o  f o r m  
t h e  d e f e c t  m u s t  b e  b a l a n c e d  b y  t h e  w o r k  d o n e  b y  t h e  l a y e r  s t r e s s e s  [ 1 7 9 ]
y=yc
W i'layer = -b e  s in  a  J  a j y )  d y ( 3 . 2 2 )
y=xd
w h e r e  a 0 i s  d e f i n e d  i n  e q .  3 . 1 8  a n d  e 0 i s  t h e  m i s f i t  p a r a m e t e r  d e f i n e d  i n  e q .  3 . 3 .  W i ayer 
i s  n e g a t i v e  a s  t h e  s t r a i n  c r e a t e d  i n  a  S i G e  l a y e r  g r o w n  o n  a  S i  s u b s t r a t e  is  c o m p r e s s i v e .  
S e t t i n g  Wdisi +  W f auit +  Wiayer =  0> i t  is  n o w  p o s s i b l e  t o  c a l c u l a t e  t h e  p o s i t i o n  ( y c )  o f  t h e  
a / c  i n t e r f a c e  w h e n  t h e  c r i t i c a l  s t r a i n  e n e r g y  c r i t e r i o n  is  m e t  a n d  t h e  p a r t i c u l a r  d e f e c t  is
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e n e r g e t i c a l l y  s t a b l e .  T h e  c o n d i t i o n s  a t  w h i c h  t h e  c r i t i c a l  s t r a i n  e n e r g y  c r i t e r i o n  is  s a t i s f i e d  
w h e n  y c =  0 ( w h e n  t h e  a / c  i n t e r f a c e  is  a t  t h e  s a m p l e  s u r f a c e )  d e f i n e  t h e  p r e d i c t e d  c r i t i c a l  
p e a k  i m p l a n t  c o n c e n t r a t i o n  f o r  t h a t  d e f e c t ,  n a m e l y  t h e  c r i t i c a l  d o s e  f o r  t h a t  p a r t i c u l a r  
e n e r g y  a n d  p a r t i c u l a r  d e f e c t .  T a k i n g  [ 2 3 ]  p  =  7 . 9 6  x  l O 10 P a ,  / /  =  0 . 2 8 ,  7  =  6 0  m J / m 2 , 
b =  2 .2 1  A f o r  t h e  p a r t i a l  d i s l o c a t i o n s  b o u n d i n g  a  s t a c k i n g  f a u l t  a n d  b =  3 . 8 5  A f o r  t h e  
m i s f i t  d i s l o c a t i o n s ,  a n d  t a k i n g  v a l u e s  o f  Rp a n d  A R p u s e d  b y  P a i n e  e t  a l .  [ 1 9 6 ] ,  i t  is  
p o s s i b l e  t o  c a l c u l a t e  c r i t i c a l  p e a k  i m p l a n t  c o n c e n t r a t i o n s  f o r  g i v e n  i m p l a n t a t i o n  e n e r g i e s  
b e t w e e n  5 0  a n d  2 0 0  k e V  a n d  f o r  t h r e e  t y p e s  o f  d e f e c t s ,  a s  s h o w n  i n  f i g u r e  3 . 7 .
implant energy, keV
F i g u r e  3 . 7 :  P l o t  o f  c r i t i c a l  p e a k  i m p l a n t e d  c o n c e n t r a t i o n  v s  G e +  i m p l a n t  e n e r g y  ( f r o m  r e f .  
[ 2 3 ] ) .
C o m p a r i s o n  o f  t h e o r e t i c a l  p r e d i c t i o n s  w i t h  e x p e r i m e n t a l  d a t a  r e v e a l s  t h a t  t h e  m o d e l  
c a n  b e  u s e d  t o  p r e d i c t  t h e  f o r m a t i o n  o f  s t r a i n  r e l a x a t i o n  d e f e c t s ,  i f  t h e  v a l u e s  a s s o c i a t e d  
w i t h  t h e  f o r m a t i o n  o f  s t a c k i n g  f a u l t s  b o u n d e d  b y  a  9 0 °  p a r t i a l  d i s l o c a t i o n  a r e  c o n s i d e r e d .  
I n d e e d ,  ( c f r .  f i g u r e  3 . 7 )  s a m p l e s  i m p l a n t e d  w i t h  2 0 0  k e V  G e 4 " w i t h  p e a k  c o n c e n t r a t i o n s  
o f  3  a n d  7  a t . %  w e r e  f u l l y  s t r a i n e d  a f t e r  S P E G  w h i l e  s a m p l e s  w i t h  p e a k  c o n c e n t r a t i o n s  o f  
1 3  a n d  1 4  a t . %  w e r e  h i g h l y  d e f e c t i v e .  H o w e v e r ,  t h e  m o d e l  f a i l s  t o  p r e d i c t  t h e  f o r m a t i o n
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o f  m i s f i t  d i s l o c a t i o n s .  A c c o r d i n g  t o  f i g u r e  3 . 7 ,  m i s f i t  d i s l o c a t i o n s  s h o u l d  b e  p r e s e n t  i n  
s a m p l e s  i m p l a n t e d  w i t h  2 0 0  l c e V  G e +  w i t h  a  p e a k  c o n c e n t r a t i o n  a s  l o w  a s  3  a t . % ,  b u t  
i n s t e a d  s a m p l e s  w e r e  o b s e r v e d  t o  b e  d e f e c t  f r e e .  A n  e x p l a n a t i o n  t o  t h i s  b e h a v i o u r  m a y  b e  
d u e  t o  t h e  p r e s e n c e  o f  a n  e n e r g y  b a r r i e r  t o  t h e  n u e l e a t i o n  o f  a  m i s f i t  d i s l o c a t i o n .  I n  t h e  
e a s e  o f  s t a c k i n g  f a u l t s  i t  i s  r e a s o n a b l e  t o  s u p p o s e  t h a t  t h e  e n e r g y  b a r r i e r  t o  t h e i r  n u e l e a t i o n  
i s  n e g l i g i b l e ,  a s  t h e  a / c  i n t e r f a c e  is  k n o w n  t o  b e c o m e  f a c e t e d  a l o n g  { 1 1 1 }  p l a n e s  d u r i n g  
S P E G  ( c f r .  S e c t i o n  2 . 4 ) ,  w h e n  t h e  g e r m a n i u m  c o n t e n t  a p p r o a c h e s  t h e  c r i t i c a l  v a l u e  f o r  
s t r a i n  r e l a x a t i o n .  F i n a l l y ,  i t  i s  n o t e d  t h a t  T E M  o b s e r v a t i o n s  o f  r e l a x e d  s a m p l e s  r e v e a l  
t h a t  t h e  p o s i t i o n s  (xd) o f  t h e  d e f e c t s  w i t h i n  t h e  s t r u c t u r e  a r e  s o m e w h a t  c l o s e r  t o  t h e  
s u r f a c e  t h a n  p r e d i c t e d  b y  t h e  m o d e l  [ 2 3 ] .  T h e  a u t h o r s  s u g g e s t e d  t h a t  t h e s e  d i s c r e p a n c i e s  
w e r e  a  c o n s e q u e n c e  o f  t h e  i n d e q u a c y  o f  t h e  b a s i c  a s s u m p t i o n s  u p o n  w h i c h  t h e  m o d e l  
w a s  d e v e l o p e d .  F o r  e x a m p l e ,  e n e r g y  b a r r i e r s  t o  t h e  n u e l e a t i o n  o f  d i s l o c a t i o n s  w e r e  n o t  
c o n s i d e r e d ,  n o r  w e r e  t h e  k i n e t i c  c o n s t r a i n t s  t o  g l i d e  a n d  c l i m b .  T h e  s t r e s s  i n d u c e d  d u r i n g  
S P E G  b y  t h e  s h r i n k i n g  a m o r p h o u s  l a y e r  w a s  a l s o  n e g l e c t e d .
3 . 3  S i i - ^ G e ^ / S i  h e t e r o s t r a c t u r e s :  e l e c t r o n i c  p r o p e r ­
ties
3 .3 .1  Bandgap narrowing
T h e  e n e r g y  b a n d g a p  o f  s i l i c o n  a t  r o o m  t e m p e r a t u r e  is  1 .1 2  e V ,  w h e r e a s  t h a t  o f  g e r m a n i u m  
i s  0 . 6 6  e V .  I n  a  b u l k  S i i - a G e ^  a l l o y  l a y e r  ( u n s t r a i n e d )  t h e  p r e s e n c e  o f  g e r m a n i u m  n a r r o w s  
t h e  m i n i m u m  e n e r g y  b a n d g a p  f r o m  t h e  v a l u e  o f  p u r e  s i l i c o n ,  a l t h o u g h  t h e  d e c r e a s e  i n  
t h e  b a n d g a p  w i t h  i n c r e a s i n g  g e r m a n i u m  c o n t e n t  (x)  is  n o t  l i n e a r  a s  i t  is  s h o w n  b y  t h e  
t o p  c u r v e  i n  f i g u r e  3 . 8  [ 1 9 7 ] .  I n  t h e  c a s e  o f  a  p s e u d o m o r p h i c  S i i ^ G e ^ / S i  s t r u c t u r e  t h e
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p r e s e n c e  o f  t e t r a g o n a l  s t r a i n  i n  t h e  a l l o y  l a y e r  p r o d u c e s  a  f u r t h e r  r e d u c t i o n  i n  t h e  b a n d g a p  
w i t h  r e s p e c t  t o  t h e  r e l a x e d  a l l o y ,  d u e  t o  t h e  s p l i t t i n g  o f  d e g e n e r a t e  v a l e n c e  a n d  c o n d u c t i o n  
b a n d s  [ 1 9 8 ]  [ 1 9 9 ] ,  T h e  l o w e r  t w o  c u r v e s  o f  f i g u r e  3 . 8  s h o w  t h i s  b e h a v i o u r ,  w h e r e  m o s t  o f  
t h e  b a n d g a p  d i f f e r e n c e  is  p r e s e n t  i n  t h e  v a l e n c e  b a n d .
Ge FRACTION (X)
F i g u r e  3 . 8 :  E n e r g y  b a n d g a p  f o r  u n s t r a i n e d  ( t o p  c u r v e )  a n d  s t r a i n e d  ( b o t t o m  c u r v e s )  S i i - a G e ^  
l a y e r s  [3 ]
I t  h a s  t o  b e  n o t e d  t h a t  i f ,  f o r  i n s t a n c e ,  a  b a n d g a p  o f  1 . 0  e V  is  r e q u i r e d ,  a n  u n s t r a i n e d  
S i i - a G e *  l a y e r  s h o u l d  c o n t a i n  n o t  le s s  t h a n  5 5  a t . %  g e r m a n i u m ,  w h e r e a s  a  s t r a i n e d  l a y e r  
o n  S i  w i l l  p r o d u c e  t h e  s a m e  b a n d g a p  r e d u c t i o n  w i t h  a  g e r m a n i u m  c o n t e n t  o f  a b o u t  2 0  
a t . % .
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3.3.2 Applications to bipolar transistors
T h e  c u t o f f  f r e q u e n c y  (fa )  o f  a  b i p o l a r  t r a n s i s t o r  is  i n t i m a t e l y  r e l a t e d  t o  i t s  p h y s i c a l  
s t r u c t u r e  b y  t h e  f o l l o w i n g  r e l a t i o n  [200]:
fa  — X   rec =  TE +  Tb  +  Tc +  Tc  ( 3 . 2 3 )
ZlT T ec
w h e r e  rec i s  t h e  e m i t t e r - c o l l e c t o r  d e l a y  t i m e ,  t e  is  t h e  e m i t t e r  t r a n s i t  t i m e ,  tb  i s  t h e  
b a s e  t r a n s i t  t i m e ,  tc  i s  t h e  c o l l e c t o r  d e p l e t i o n - l a y e r  t r a n s i t  t i m e  a n d  T c  i s  t h e  c o l l e c t o r  
c h a r g i n g  t i m e .  I f  b a n d g a p  n a r r o w i n g  i n  t h e  b a s e  r e g i o n  is  a c h i e v e d  b y  t h e  u s e  o f  a  S i G e  
a l l o y ,  s o m e  o f  t h e s e  p a r a m e t e r s ,  s u c h  a s  t h e  e m i t t e r  t r a n s i t  t i m e  ( t e )  a n d  t h e  b a s e  t r a n s i t  
t i m e  ( t b ) ,  c a n  b e  e n h a n c e d  o v e r  t h e  v a l u e  f o r  a  b u l k  s i l i c o n  t r a n s i s t o r  [ 4 ] .  I f ,  m o r e o v e r ,  
t h e  m a t e r i a l  a t  t h e  j u n c t i o n  c h a n g e s  g r a d u a l l y  f r o m  o n e  S i G e  c o m p o s i t i o n  t o  a n o t h e r ,  
a n  e x t e n d e d  e l e c t r i c  f i e l d  c a n  b e  b u i l t  i n t o  t h e  g r a d e d  r e g i o n .  A l r e a d y  i n  1 9 5 7  K r o e m e r
[9 ]  p r o p o s e d  u s i n g  t h e  f i e l d  g e n e r a t e d  i n  a  g r a d e d  h e t e r o j u n c t i o n  t o  a c c e l e r a t e  e l e c t r o n s  
r a p i d l y  a c r o s s  t h e  b a s e  o f  a  b i p o l a r  d e v i c e .  M o r e  r e c e n t l y  [ 2 0 1 ]  i t  h a s  b e e n  s h o w n  t h a t  
i f  t h e  g e r m a n i u m  c o n t e n t  is  l i n e a r l y  g r a d e d  a c r o s s  t h e  b a s e ,  a n d  f o r  A E g(Bc -B E ) k T , 
t h e  f o l l o w i n g  r e l a t i o n s  a r e  v a l i d :
rE (S iG e) (3{Si) I c(S i) k T
— — oc e *t — —   ( 3 . 2 4 )
t e (S i ) fl(S iG e ) I c(S iG e)  A  E g(Bc-B E )
rB (S iG e)  2 k T k T
A E ,g(BG-BE) J
( 3 . 2 5 )
TB (Si) AEg(BC-BE)
w h e r e  A E 9(Be)  is  t h e  g e r m a n i u m - i n d u c e d  b a n d g a p  r e d u c t i o n  a t  t h e  b a s e - e m i t t e r  j u n c ­
t i o n  a n d  A E g(B C -B E )  i s  t h e  b a n d g a p  g r a d i n g  a c r o s s  t h e  b a s e .  T h e  d e c r e a s e  i n  rE d e p e n d s  
e x p o n e n t i a l l y  o n  t h e  b a n d g a p  r e d u c t i o n  a t  t h e  e d g e  o f  t h e  b a s e - e m i t t e r  j u n c t i o n ,  a n d  is  
i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  v a r i a t i o n  i n  b a n d g a p  a c r o s s  t h e  b a s e .  tb  i s  s i m p l y  d e p e n ­
d e n t  o n  t h e  f i e l d  i n d u c e d  b y  t h e  v a r i a t i o n  i n  b a n d g a p  a c r o s s  t h e  b a s e .  T h e  u s e  o f  g r a d e d
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S i i - ^ G e ^ / S i  h e t e r o s t r u c t u r e s  h a s  b e e n  s h o w n  t o  b e  a  m e a n s  o f  a c h i e v i n g  i m p r o v e m e n t s  
i n  t h e  p e r f o r m a n c e  o f  H B T ’s . I n  1 9 8 8  H a r a m e  e t  a l .  [202] b u i l t  a  H B T  w i t h  a  t r a p e ­
z o i d a l  S i G e  p r o f i l e  w i t h  6 a t . %  G e  a t  t h e  b a s e - e m i t t e r  j u n c t i o n  a n d  12  a t . %  G e  a t  t h e  
b a s e - c o l l e c t o r  j u n c t i o n .  T h e  r e p o r t e d  c u t o f f  f r e q u e n c y  v a l u e  / +  w a s  1 2  G H z ,  w h i c h  w a s  
o f  t h e  s a m e  o r d e r  o f  a  c o m p a r a b l e  s i l i c o n  d e v i c e .  M o r e  r e c e n t l y  [ 2 0 3 ]  v a l u e s  o f  c u t o f f  f r e ­
q u e n c y  h i g h e r  t h a n  1 0 0  G H z  h a v e  b e e n  r e p o r t e d .  S i m i l a r  r e s u l t s  h a v e  a l s o  b e e n  o b t a i n e d  
b y  u s i n g  q u a s i - a b r u p t  g e r m a n i u m  p r o f i l e s  [ 2 0 ] .  I n  a l l  t h e s e  w o r k s  e p i t a x i a l  d e p o s i t i o n  
m e t h o d s  h a v e  b e e n  u s e d  t o  g r o w  t h e  s t r u c t u r e s .  I n  m o s t  c a s e s  i t  h a s  b e e n  s h o w n  t h a t  
t h e  g o o d  p e r f o r m a n c e  o f  t h e  d e v i c e s  a r e  s t r i c t l y  r e l a t e d  t o  t h e  g o o d  c r y s t a l l i n e  q u a l i t y  o f  
t h e  S i i - a G e ^ / S i  s t r u c t u r e  ( i . e .  t o  t h e  a b s e n c e  o f  e x t e n d e d  d e f e c t s  i n  t h e  v i c i n i t y  o f  t h e  
S i G e / S i  i n t e r f a c e  a s  w e l l  a s  i n  t h e  S i G e  l a y e r ) .  A t  t h e  s a m e  t i m e  a  r e d u c e d  b a s e  w i d t h  
is  r e q u i r e d  i n  o r d e r  t o  i n s u r e  g o o d  p e r f o r m a n c e s .  A s  a  c o n s e q u e n c e  t h e  t h i c k n e s s  o f  t h e  
S i G e  l a y e r  is  n o r m a l l y  o f  t h e  o r d e r  o f  5 0  n m .
3 . 4  G r o w t h  o f  S i i - ^ G e ^ / S i  s t r u c t u r e s
E p i t a x i a l l y  g r o w n  s i l i c o n  l a y e r s  o n  s i l i c o n  s u b s t r a t e s  a r e  r o u t i n e l y  u s e d  i n  t h e  m i c r o e l e c ­
t r o n i c s  i n d u s t r y  t o  a c h i e v e  d e v i c e  q u a l i t y  s u b s t r a t e s ,  w i t h  l o w  c o n t a m i n a n t  l e v e l s  a n d  
t h e  r e q u i r e d  d o p a n t  p r o f i l e s .  T h e  b e s t  d e v e l o p e d  a n d  t h e  m o s t  u s e d  e p i t a x i a l  g r o w t h  
t e c h n i q u e  is  C h e m i c a l  V a p o u r  D e p o s i t i o n  ( C V D )  [ 2 0 4 ] ,  w h i c h  h a s  b e e n  e x t e n s i v e l y  i n ­
v e s t i g a t e d  s i n c e  t h e  1 9 6 0 s .  H o w e v e r ,  t h e  t r a n s f e r  o f  t h i s  t e c h n o l o g y  i n t o  i n d u s t r y  f o r  t h e  
g r o w t h  o f  d e v i c e  w o r t h y  S i i - ^ G e ^ / S i  h e t e r o s t r u c t u r e s  h a s  p r o v e d  t o  b e  v e r y  p r o b l e m a t i c ,  
e s p e c i a l l y  i n  t h e  c o n t r o l  o f  t h e  l a t e r a l  u n i f o r m i t y  o f  b o t h  t h e  a l l o y  t h i c k n e s s  a n d  t h e  g e r m a ­
n i u m  c o n t e n t .  T h e  l a t t i c e  m i s m a t c h  b e t w e e n  s i l i c o n  a n d  g e r m a n i u m  a n d  t h e  c o n s e q u e n t
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t e n d e n c y  t o  f o r m  d i s l o c a t i o n  ( c f r .  S e c t i o n  3 . 2 )  a l s o  p l a y  a  k e y  r o l e  i n  i d e n t i f y i n g  s u c c e s s ­
f u l  g r o w t h  c o n d i t i o n s .  S i g n i f i c a n t  p r o g r e s s  w a s  a c h i e v e d  i n  t h e  1 9 8 0 s  w h e n  a n  a d v a n c e d  
g r o w t h  t e c h n i q u e  b a s e d  o n  C V D  w a s  d e v e l o p e d  ( U H V / C V D )  [ 1 5 9 ] ,  w h i l e  g o o d  s t r u c t u r e s  
w e r e  a l t e r n a t i v e l y  f a b r i c a t e d  u s i n g  M o l e c u l a r  B e a m  E p i t a x y  ( M B E )  [ 1 5 ,  1 6 ,  2 0 5 ] ,  w h i c h  
is  a  p h y s i c a l  v a p o u r  d e p o s i t i o n  m e t h o d  i n i t i a l l y  d e v e l o p e d  f o r  t h e  g r o w t h  o f  I I I - V  c o m ­
p o u n d  s e m i c o n d u c t o r s .  T h e s e  t w o  g r o w t h  t e c h n i q u e s  w i l l  b e  b r i e f l y  d e s c r i b e d  i n  t h e  t w o  
f o l l o w i n g  s e c t i o n s ,  w h e r e  t h e  r e s p e c t i v e  a d v a n t a g e s  a n d  d r a w b a c k s  w i l l  b e  o u t l i n e d .
3 .4 .1  Chemical Vapour Deposition
C V D  g r o w t h  o f  s i l i c o n  l a y e r s  is  a c h i e v e d  b y  e x p o s i n g  t h e  s u b s t r a t e  w a f e r s  t o  a  f l o w  o f  
g a s e s  i n c o r p o r a t i n g  t h e  d e s i r e d  e l e m e n t a l  s p e c ie s  s o  t h a t  t h e  g a s  m o l e c u l e s  d i s s o c i a t e  w h e n  
t h e y  c o m e  i n t o  c o n t a c t  w i t h  t h e  s u b s t r a t e  a n d  a r e  d e p o s i t e d  t o  f o r m  a  n e w  c r y s t a l  l a y e r .  
T h e  d e p o s i t e d  l a y e r  c a n  b e  g r o w n  a s  a  s i n g l e  c r y s t a l  o r  a  p o l y c r y s t a l l i n e  l a y e r  o r  a s  a n  
a m o r p h o u s ,  d e p e n d i n g  o n  t h e  g r o w t h  c o n d i t i o n s  ( i . e .  p r e s s u r e ,  t e m p e r a t u r e ) .  T h e  s o u r c e  
g a s e s  c o m m o n l y  u s e d  i n c l u d e  s i l i c o n  t e t r a c h l o r i d e  ( S i C l 4 ) ,  s i l a n e  ( S i H 4 ) ,  d i c h l o r o s i l a n e  
( S i H 2C l 2 )  a n d  t r i c h l o r o s i l a n e  ( S i H C l 3 ) .  T h e  s o u r c e  g a s  is  m i x e d  w i t h  p u r i f i e d  h y d r o g e n  
a n d  p a s s e d  i n t o  a  q u a r t z  r e a c t i o n  c h a m b e r ,  w h i l e  t h e  w a f e r s  a r e  h e l d  a t  e l e v a t e d  t e m ­
p e r a t u r e .  T a k i n g  S i C L  a s  a n  e x a m p l e ,  t h e  f o l l o w i n g  r e a c t i o n  o c c u r s  o n  t h e  w a f e r  s u r f a c e  
d u r i n g  d e p o s i t i o n :
S iC l4 (gas)  +  2 H 2 (gas) S i (solid)  +  4 H C l  (gas)  ( 3 . 2 6 )
S i l i c o n  is  d e p o s i t e d  o n  t h e  s i l i c o n  s u b s t r a t e  a n d  t h e  H C l  g a s  is  e x p e l l e d  f r o m  t h e  c h a m b e r .  
A s  t h e  r e a c t i o n  is  r e v e r s i b l e ,  t h e  r e v e r s e  r e a c t i o n  e t c h e s  s i l i c o n  a n d  c a n  b e  u s e d  t o  c l e a n  t h e  
s u b s t r a t e  p r i o r  t o  t h e  s t a r t  o f  d e p o s i t i o n ,  b y  p a s s i n g  a  f l o w  o f  H C l  t h r o u g h  t h e  c h a m b e r .
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W h e n  S i H 4 i s  u s e d ,  t h e  f o l l o w i n g  r e a c t i o n  t a k e s  p l a c e :
SiH ^ (gas) -A  S i (solid)  +  2 H 2 (gas) ( 3 . 2 7 )
a n d  n o  e t c h - b a c k  e f f e c t  is  p o s s i b l e ,  s o  t h a t  p r e - d e p o s i t i o n  c l e a n i n g  is  a c h i e v e d  b y  h i g h  
t e m p e r a t u r e  a n n e a l i n g  ( u s u a l l y  T > 1 0 0 0 ° C )  t o  r e m o v e  t h e  t h i n  n a t i v e  o x i d e  l a y e r  n o r m a l l y  
p r e s e n t  o n  t h e  s u b s t r a t e  s u r f a c e .  D o p i n g  is  a c h i e v e d  b y  u s e  o f  g a s e s  l i k e  d i b o r a n e  ( E ^ H e ) ,  
p h o s p h i n e  ( P H 3 )  o r  a r s i n e  ( A s H 3 ) .
T h e  o v e r a l l  C V D  p r o c e s s  is  g o v e r n e d  b y  b o t h  a  m a s s  t r a n s p o r t  p r o c e s s  t h a t  is  w e a k l y  
t e m p e r a t u r e  d e p e n d e n t  a n d  a  s u r f a c e  r e a c t i o n  p r o c e s s  t h a t  is  e x p o n e n t i a l l y  d e p e n d e n t  o n  
t h e  s u b s t r a t e  t e m p e r a t u r e ,  w h e r e  t h e  g r o w t h  r a t e  is  g i v e n  b y  a n  e x p r e s s i o n  o f  t h e  f o r m
w h e r e  gm a n d  gs a r e  t h e  g a s  p h a s e  m a s s  t r a n s p o r t  r a t e  a n d  t h e  s u r f a c e  r e a c t i o n  r a t e ,  
r e s p e c t i v e l y .  A s  s h o w n  i n  f i g u r e  3 . 9 ,  a  s u r f a c e  r e a c t i o n  r a t e  l i m i t e d  g r o w t h ,  e x p o n e n ­
t i a l l y  d e p e n d e n t  o n  t h e  t e m p e r a t u r e ,  i s  o b t a i n e d  b e l o w  a b o u t  1 0 0 0 ° C ,  w h e r e  gs < C  g m
a b o v e  1000° C  f o r  S i l T t ,  i s  i n d i c a t i v e  o f  a  m a s s  t r a n s p o r t  l i m i t e d  p r o c e s s ,  w i t h  gs gm 
( r e g i o n  B  i n  f i g u r e  3 . 9 ) .
I n d u s t r i a l  C V D  r e a c t o r s  a r e  u s u a l l y  o p e r a t e d  i n  r e g i o n  B ,  t o  m i n i m i s e  t h e  p r o b l e m s  
r e l a t e d  t o  t e m p e r a t u r e  f l u c t u a t i o n s  a n d  n o n - u n i f o r m i t y .  I n  a d d i t i o n ,  t h e y  a r e  n o r m a l l y  
d e s i g n e d  t o  o p e r a t e  a t  a t m o s p h e r i c  p r e s s u r e  o r  s l i g h t l y  r e d u c e d  p r e s s u r e  (20 t o  100  t o r r ) . 
I n  t h e s e  c o n d i t i o n s ,  d o p a n t  d i f f u s i o n  a c r o s s  t h e  i n t e r f a c e  b o u n d a r i e s  is  s i g n i f i c a n t ,  a s  w e l l  
a s  o u t - d i f f u s i o n  o f  s p e c ie s  ( d o p a n t s  a n d  c o n t a m i n a n t s )  f r o m  t h e  b a c k  o f  t h e  s u b s t r a t e  
i n t o  t h e  v a p o u r  a n d  b a c k  i n t o  t h e  e p i t a x i a l  l a y e r  ( a u t o d o p i n g )  [ 2 0 7 ,  2 0 8 ] .  M o r e o v e r ,
[ 2 0 4 ] :
1
( 3 . 2 8 )
( r e g i o n  A  i n  f i g u r e  3 . 9 ) ,  w h i l e  a  r e l a t i v e l y  t e m p e r a t u r e  i n d e p e n d e n t  r e g i o n ,  f o r  e x a m p l e
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TEMPERATURE (°C)
1300 1200 1100 1000 9 0 0  8 0 0  700 600
F i g u r e  3 . 9 :  A r r h e n i u s  p l o t  o f  e p i t a x i a l  s i l i c o n  g r o w t h  r a t e  u s in g  v a r i o u s  s i l i c o n  s o u r c e s  ( f r o m  
r e f .  [ 2 0 6 ] ) .
i n s t a n t a n e o u s  c h a n g e s  i n  t h e  i n c o m i n g  g a s  c h e m i s t r y  d o  n o t  g i v e  a n  a b r u p t  c h a n g e  i n  t h e  
g r o w t h  p r o c e s s ,  b e c a u s e  o f  t h e  t i m e  c o n s t a n t s  o f  t h e  g a s  t r a n s p o r t  w i t h i n  t h e  c h a m b e r .  
T h e  n e t  r e s u l t  o f  t h e s e  f e a t u r e s  o f  C V D  is  t h a t  t h i s  g r o w t h  m e t h o d  is  d i f f i c u l t  t o  a p p l y  
t o  S i i - a G e a / S i  h e t e r o s t r u c t u r e s  w h e n  a b r u p t  c h a n g e s  i n  t h e  g e r m a n i u m  c o n t e n t  a n d  i n  
t h e  d o p i n g  l e v e l s  a r e  r e q u i r e d ,  t o g e t h e r  w i t h  c o m p o s i t i o n  u n i f o r m i t y  a c r o s s  t h e  w a f e r s .  
F u r t h e r m o r e ,  a t  h i g h  t e m p e r a t u r e s ,  t h e  p r o b a b i l i t y  o f  S i G e  3 D  g r o w t h  ( i s l a n d i n g )  o r  
s t r a i n  r e l a x a t i o n  b y  d i s l o c a t i o n  n u e l e a t i o n  ( c f r .  S e c t i o n  3 . 2 )  a r e  h i g h  [ 2 0 9 ] .
I n  o r d e r  t o  a v o i d  t h e  a b o v e  m e n t i o n e d  p r o b l e m s ,  a d v a n c e d  C V D  g r o w t h  r e a c t o r s  h a v e  
b e e n  d e s i g n e d  t o  o p e r a t e  i n  t h e  l o w  p r e s s u r e  ( 0 . 1  t o  1  t o r r ) ,  l o w  t e m p e r a t u r e  ( 4 0 0  t o  
7 0 0 ° C )  r e g i m e ,  w h e r e  a u t o d o p i n g ,  d i f f u s i o n  a n d  r e l a x a t i o n  e f f e c t s  a r e  le s s  c r i t i c a l ,  u s i n g  
L o w  P r e s s u r e  C V D  ( L P C V D )  [ 2 1 0 ,  2 1 1 ,  2 1 2 ] ,  o r  i n  c o m b i n a t i o n  w i t h  R a p i d  T h e r m a l  
P r o c e s s i n g  ( R T P )  t e c h n i q u e s ,  i n  o r d e r  t o  l i m i t  t h e  t o t a l  t h e r m a l  b u d g e t  d u r i n g  d e p o s i t i o n .  
T h i s  m e t h o d  h a s  b e e n  d i f f e r e n t l y  n a m e d  L i m i t e d  R e a c t i o n  P r o c e s s i n g  ( L R P )  [ 2 1 3 ]  o r  
R a p i d  T h e r m a l  C V D  ( R T C V D )  [ 2 1 4 ,  2 1 5 ] .  T h e  u s e  o f  u l t r a h i g h  v a c u u m  ( <  1 0 ~ 8 t o r r )
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i n  c o n j u n c t i o n  w i t h  a  C V D  p r o c e s s  h a s  b e e n  d e v e l o p e d  b y  I B M  ( U H V / C V D )  [ 2 1 6 ,  2 1 7 ] .  
H i g h  q u a l i t y  l a y e r s  h a v e  b e e n  g r o w n  a n d  h i g h  s p e e d  S i G e  b i p o l a r  t r a n s i s t o r s  h a v e  b e e n  
s u c c e s s f u l l y  f a b r i c a t e d  u s i n g  t h e s e  s u b s t r a t e s  [ 2 1 ,  1 5 9 ] .  A  U H V / C V D  r e a c t o r  is  s h o w n  
i n  f i g u r e  3 . 1 0 .  T h e  b a c k g r o u n d  p r e s s u r e  o f  t h e  l o a d - l o c k e d  d e p o s i t i o n  s y s t e m  is  a b o u t  
10 ~ 9 t o r r ,  w h i l e  g r o w t h  is  c a r r i e d  o u t  a t  p r e s s u r e s  o f  1 t o  10  m t o r r  a n d  t e m p e r a t u r e s  
b e t w e e n  4 2 5  ° C  a n d  6 5 0 ° C .  I n  t h e s e  c o n d i t i o n s ,  a  c o m b i n a t i o n  o f  l o n g  m e a n  f r e e  p a t h  a n d  
l o w  s t i c k i n g  c o e f f i c i e n t  o f  t h e  p r e c u r s o r  m o l e c u l e s  i n  t h e  s o u r c e  s t r e a m  e n a b l e s  u n i f o r m  
l a y e r s  t o  b e  g r o w n .  B e c a u s e  t h e  s t i c k i n g  c o e f f i c i e n t s  o f  t h e  g a s  m o l e c u l e s  a r e  s t r o n g l y  
t e m p e r a t u r e  d e p e n d e n t ,  a  t e c h n o l o g i c a l  p r o b l e m  r e l a t e d  t o  t h i s  g r o w t h  m e t h o d  a r i s e s ,  
n a m e l y  c o n t r o l  o f  t h e  t e m p e r a t u r e  i n  t h e  r e a c t o r ,  w h i c h  h a s  t o  b e  k e p t  c o n s t a n t  t o  w i t h i n  
±  1 ° C .  A  p r e - d e p o s i t i o n  c l e a n i n g  s t e p  i n  u s e d  a t  l o w  t e m p e r a t u r e  b y  a  b r i e f  d i p  o f  t h e  
s i l i c o n  w a f e r  i n  d i l u t e  H F  a c i d .  W a f e r s  p r a p a r e d  i n  t h i s  m a n n e r  m a y  b e  h a n d l e d  i n  a i r  
f o r  u p  t o  10  m i n  w i t h o u t  s i g n i f i c a n t  d e g r a d a t i o n  o f  t h e  q u a l i t y  o f  t h e  s u r f a c e  [ 2 1 8 ] .
G a s  In let
F i g u r e  3 . 1 0 :  S c h e m a t i c  d i a g r a m  o f  a  U H V / C V D  s y s t e m  ( f r o m  r e f .  [ 2 1 ] ) .
T h e  g a s e o u s  s o u r c e s  a r e  s i l a n e  ( S i H 4 )  a n d  g e r m a n e  ( G e H 4 )  f o r  t h e  a l l o y ,  d i b o r a n e  
( B 2H 6 )  a n d  p h o s p h i n e  ( P H 3 )  f o r  p - t y p e  a n d  n - t y p e  d o p i n g ,  r e s p e c t i v e l y .  A l t h o u g h  g o o d
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d o p i n g  c o n t r o l  h a s  b e e n  a c h i e v e d  f o r  t h e  c a s e  o f  b o r o n ,  i n  t e r m s  o f  a b r u p t n e s s ,  p r e ­
c i s i o n  a n d  u n i f o r m i t y ,  m a n y  p r o b l e m s  h a v e  b e e n  e n c o u n t e r e d  f o r  p h o s p h o r u s  d o p i n g  a t  
c o n c e n t r a t i o n s  a b o v e  10 18 a t o m s / c m 3 , w h e r e  t h e  p h o s p h o r u s  c o n t e n t  is  s e e n  t o  r i s e  m o n o -  
t o n i c a l l y  w i t h  g r o w t h  t i m e ,  i n  s p i t e  o f  a  c o n s t a n t  p h o s p h i n e  f l o w  i n  t h e  r e a c t o r .  M o r e o v e r ,  
t h e  p h o s p h o r u s  c o n t e n t  i n  n o m i n a l l y  “ a b r u p t ”  i n t e r f a c e s  d e c r e a s e s  a t  a  r a t e  o f  o n e  d e c a d e  
p e r  1 0  n m ,  c o m p a r e d  t o  o n e  d e c a d e  p e r  t h r e e  a t o m i c  l a y e r s  i n  t h e  c a s e  o f  b o r o n  [ 2 1 9 ,  2 2 0 ] .
3.4.2 Molecular Beam Epitaxy
M B E  is  a  p h y s i c a l  v a p o u r  d e p o s i t i o n  m e t h o d ,  w h e r e  t h e  g r o w t h  is  a c c o m p l i s h e d  b y  t h e  
d i r e c t  i m p a c t  o f  t h e  e l e m e n t a l  s p e c i e s  o n  a  h e a t e d  s u b s t r a t e  ( 4 0 0  t o  8 0 0 ° C )  u n d e r  u l t r a -  
h i g h  v a c u u m  c o n d i t i o n s  ( ~ 1 0 -9  t o r r ) .  I n  t h i s  c a s e  a n  e l e c t r o n  b e a m  is  u s e d  t o  e v a p o r a t e  
t h e  g e r m a n i u m  a n d  s i l i c o n  s o u r c e  m a t e r i a l s ,  a s  s h o w n  i n  f i g u r e  3 . 1 1 ;  c o n v e n t i o n a l  r e s i s -  
t i v e l y  h e a t e d  c r u c i b l e s ,  u s e d  i n  t h e  c a s e  o f  G a A s  g r o w t h ,  a r e  n o t  s u i t a b l e  f o r  s i l i c o n  a n d  
g e r m a n i u m ,  d u e  t o  t h e  r e l a t i v e l y  l o w  v a l u e  o f  t h e i r  v a p o u r  p r e s s u r e .
D o p i n g  d u r i n g  g r o w t h  c a n  i n  p r i n c i p l e  b e  a c h i e v e d  i n  t h e  s a m e  w a y  a s  t h e  g r o w t h  
i t s e l f ,  b y  e v a p o r a t i n g  t h e  d o p a n t  f r o m  a  h e a t e d  c r u c i b l e .  U n f o r t u n a t e l y ,  d e s i r e d  d o p a n t s  
s u c h  a s  a r s e n i c ,  b o r o n  a n d  p h o s p h o r u s  e v a p o r a t e  t o o  r a p i d l y  o r  t o o  s l o w l y  f o r  t i g h t l y  
c o n t r o l l e d  g r o w t h .  A  s o l u t i o n  t o  t h i s  p r o b l e m  i n v o l v e s  t h e  u s e  o f  i o n  i m p l a n t a t i o n  ( a s  
s c h e m a t i c a l l y  s h o w n  i n  f i g u r e  3 . 1 1 ) .  L o w  e n e r g y  b e a m s  ( 0 . 1  t o  3  k e V )  p l a c e  t h e  d o p a n t s  
j u s t  b e l o w  t h e  g r o w i n g  i n t e r f a c e ,  e n s u r i n g  i n c o r p o r a t i o n .
T h e  m e a n  f r e e  p a t h  o f  t h e  s i l i c o n  a n d  g e r m a n i u m  g a s  m o l e c u l e s  w i t h i n  t h e  r e a c t o r  is  
g i v e n  b y  t h e  f o l l o w i n g  e x p r e s s i o n :
L = V & r  ( 3 ' 2 9 )
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F i g u r e  3 . 1 1 :  S c h e m a t i c  o f  M B E  s y s t e m  f o r  g r o w t h  o f  S i G e  a l lo y s ,  w i t h  i o n  i m p l a n t e d  d o p a n t  
i n c o r p o r a t i o n  ( f r o m  r e f .  [ 3 ] ) .
w h e r e  7r r 2 is  t h e  m o l e c u l a r  c o l l i s i o n  c r o s s  s e c t i o n  a n d  P  i s  t h e  s y s t e m  p r e s s u r e  [ 3 ] .  F o r  
p r e s s u r e s  o f  t h e  o r d e r  o f  1 0 ”9 t o r r ,  L  is  ~ 5 x l 0 6 c m ,  g r e a t l y  e x c e e d i n g  t h e  v a c u u m  c h a m ­
b e r  d i m e n s i o n s .  T h i s  e f f e c t ,  c o m b i n e d  w i t h  t h e  l a c k  o f  i n t e r m e d i a t e  c h e m i c a l  r e a c t i o n s  
g o v e r n i n g  t h e  d e p o s i t i o n  p r o c e s s ,  r e s u l t s  i n  f i l m  p r o p e r t i e s  c h a n g i n g  r a p i d l y  u p o n  a n y  
c h a n g e  i n  t h e  s o u r c e .  T h e r e f o r e ,  a  s i m p l e  s h u t t e r  p l a c e d  b e t w e e n  t h e  s o u r c e  c r u c i b l e  a n d  
t h e  s u b s t r a t e  ( s e e  f i g u r e  3 . 1 1 )  w i l l  a b r u p t l y  s t o p  d e p o s i t i o n  o n  t h e  s u b s t r a t e ,  m a k i n g  i t  
p o s s i b l e  t o  c o n t r o l  t h e  d o p i n g  a n d  c o m p o s i t i o n  d o w n  t o  t h e  s c a l e  o f  s i n g l e  a t o m i c  l a y e r s .
T h e  a b s e n c e  o f  r e v e r s i b l e  r e a c t i o n s  d u r i n g  g r o w t h  i m p l i e s  t h a t  b a c k - e t c h  e f f e c t s  a r e  
n o t  a v a i l a b l e  a n d  h i g h  t e m p e r a t u r e  c l e a n i n g  s t e p s  ( 1 0 0 0  t o  1 2 5 0 ° C )  a r e  n e c e s s a r y  t o  
d e c o m p o s e  t h e  n a t i v e  o x i d e  p r i o r  t o  d e p o s i t i o n .  A l t e r n a t i v e l y ,  a  l o w - e n e r g y  b e a m  o f  
a n  i n e r t  g a s  t o  s p u t t e r  c l e a n  t h e  s u r f a c e  i s  u s e d ,  f o l l o w e d  b y  a  s h o r t  a n n e a l  a t  8 0 0  t o  
9 0 0  ° C .  S i m i l a r l y  t o  U H V / C V D ,  a  p r e c i s e  c o n t r o l  o f  t h e  s u b s t r a t e  t e m p e r a t u r e  is  r e q u i r e d .  
H o w e v e r ,  t h e  m a j o r  p r o b l e m  a f f e c t i n g  M B E  is  r e p r e s e n t e d -  b y  i t s  l o w  t h r o u g h p u t ,  a s  o n e
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w a f e r  o n l y  c a n  b e  p r o c e s s e d  a t  a  t i m e .  F i n a l l y ,  m e t a l  c o n t a m i n a t i o n s  a r e  m o r e  l i k e l y  t o  b e  
i n t r o d u c e d  d u r i n g  M B E  g r o w t h ,  t h a n  w i t h  C V D ,  d u e  t o  t h e  d i f f i c u l t y  i n  c o n t r o l l i n g  t h e  
p u r i t y  o f  t h e  s o l i d  s o u r c e s .  T h i s  p r o b l e m  h a s  l e a d  t o  t h e  d e s i g n  o f  h y b r i d  M B E  s y s t e m s  
w h e r e  t h e  s o l i d  s o u r c e s  a r e  r e p l a c e d  b y  t h e  g a s  s o u r c e s  u s u a l l y  e m p l o y e d  i n  C V D ,  s u c h  
a s  s i l a n e  ( S i H 4 ) ,  g e r m a n e  ( G e H 4 ) ,  d i b o r a n e  ( B 2H 6 )  a n d  p h o s p h i n e  ( P H 3 ) .  T h i s  m e t h o d  
i s  r e f e r r e d  t o  a s  G a s  S o u r c e  M B E  ( G S M B E )  [2 2 1 , 222 ] .
T h e s e  m a n y  p r o b l e m s  h a v e  i n h i b i t e d  t h e  s u c c e s s f u l  i n c o r p o r a t i o n  o f  s i m p l e ,  l o w  c o s t  
e p i t a x i a l  d e p o s i t i o n  t h a t  i s  n o t  l a b o u r  i n t e n s i v e  i n  s i l i c o n  d e v i c e  f a b r i c a t i o n  l i n e s .  T h e  
m a n y  b e n e f i t s  o f  I B S  p r o v i d e  a  s t r o n g  d r i v e  f o r  t h e  u n d e r l y i n g  m o t i v a t i o n  f o r  t h e  w o r k  
r e p o r t e d  i n  t h i s  t h e s i s  ( c h a p t e r s  5  a n d  6) .
C h a p t e r  4
E x p e r i m e n t a l  d e t a i l s
4 . 1  S a m p l e  d e s c r i p t i o n
T w o  d i f f e r e n t  g r o u p s  o f  s a m p l e s  h a v e  b e e n  u s e d  i n  t h i s  p r o j e c t .  T h e  f i r s t  g r o u p  c o n s i s t e d  
o f  ( 0 0 1 )  C z  S i  w a f e r s  o f  b o t h  p - t y p e  a n d  n - t y p e  a n d  o f  d i f f e r e n t  s iz e s  ( 3 ”  a n d  5 ”  d i a m e t e r ) .  
T h e  s a m p l e s  w e r e  i m p l a n t e d  a t  t h e  U n i v e r s i t y  o f  S u r r e y  w i t h  G e +  i o n s  a t  e n e r g i e s  r a n g i n g  
f r o m  7 0  t o  4 0 0  k e V  a n d  d o s e s  r a n g i n g  f r o m  2x l 015 G e + / c m 2 t o  2x l 017 G e + / c m 2 t o  f o r m  
b u r i e d  l a y e r s  o f  S i G e  a l l o y  o f  d i f f e r e n t  t h i c k n e s s e s  a n d  c o m p o s i t i o n s .  A d d i t i o n a l  C +  a n d  
S i +  i m p l a n t s  i n t o  a  f e w  s e l e c t e d  s a m p l e s  w e r e  c a r r i e d  o u t .  F u r t h e r  d e t a i l s  a r e  i n c l u d e d  
i n  s e c t i o n  4 . 3 . 1 .  T h e  s e c o n d  g r o u p  o f  s a m p l e s  w e r e  3 ”  o r  4 ”  d i a m e t e r  n - t y p e  ( 0 0 1 )  C z  
S i  w a f e r s ,  a l s o  i m p l a n t e d  w i t h  G e +  t o  f o r m  a  S i G e  a l l o y  l a y e r  b u t  s u b s e q u e n t l y  c a p p e d  
b y  t h e  d e p o s i t i o n  o f  a  t h i n  f i l m  o f  s i l i c o n  e i t h e r  b y  V P E  o r  C V D .  T h e s e  w a f e r s  w e r e  
p r e p a r e d  a t  t h e  D e f e n c e  R e s e a r c h  A g e n c y  ( D R A ,  M a l v e r n ,  U K )  a n d  t h e  U n i v e r s i t y  o f  
S o u t h a m p t o n ,  r e s p e c t i v e l y ,  a n d  w i l l  b e  d e s c r i b e d  i n  s e c t i o n  4 . 3 . 2 .
A f t e r  i m p l a n t a t i o n  a l l  o f  t h e  w a f e r s  w e r e  c l e a v e d  i n  s m a l l  p i e c e s  ( t y p i c a l l y  0 . 3 x 1  c m 2
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a n d  l x l  c m 2 ) ,  c l e a n e d  i n  a n  u l t r a s o n i c  b a t h  u s i n g  t r i c h l o r o e t h y l e n e ,  a c e t o n e  a n d  i s o p r o p y l  
a l c o h o l .  S u b s e q u e n t l y ,  s e l e c t e d  s a m p l e s  w e r e  a n n e a l e d  a t  t e m p e r a t u r e s  r a n g i n g  f r o m  
5 5 0 ° C  t o  110 0 ° C  u s i n g  a  r e s i s t i v e l y  h e a t e d  q u a r t z  f u r n a c e ,  a s  d e s c r i b e d  i n  s e c t i o n  4 . 2 . 2 .  
A  c o m p l e t e  l i s t  o f  a l l  t h e  s a m p l e s  d e s c r i b e d  i n  t h i s  c h a p t e r  is  g i v e n  i n  a p p e n d i x  B .  F i n a l l y ,  
T E M ,  R B S  a n d  X R D  a n a l y t i c a l  m e t h o d s  w e r e  u s e d  t o  c h a r a c t e r i s e  t h e  v a r i o u s  s a m p l e s ,  
a s  d e s c r i b e d  i n  s e c t i o n  4 . 4 .
4 . 2  P r o c e s s i n g
4 .2 .1  Ion implantation
T h e  74G e +  a n d  12 C +  i m p l a n t a t i o n s  w e r e  c a r r i e d  o u t  o n  t h e  5 0 0  k V  i m p l a n t e r  a t  t h e  
U n i v e r s i t y  o f  S u r r e y .  A  s c h e m a t i c  d i a g r a m  o f  t h i s  a c c e l e r a t o r  is  s h o w n  i n  f i g u r e  4 . 1 .  A  g a s  
o r  v a p o r i z e d  s o l i d ,  c o n t a i n i n g  a t o m s  o f  t h e  d e s i r e d  s p e c ie s ,  i s  i n t r o d u c e d  i n  t h e  i o n  s o u r c e  
p l a s m a  c h a m b e r  w h e r e  t h e  a t o m s  a r e  i o n i z e d  b y  c o l l i s i o n s  w i t h  h i g h  e n e r g y  e l e c t r o n s  
a n d  t h e n  f o c u s e d  p r i o r  t o  a c c e l e r a t i o n .  A  s o l i d  g e r m a n i u m  s u l p h i d e  s o u r c e  m a t e r i e l  w a s  
u s e d  f o r  t h e  g e r m a n i u m  i m p l a n t s ,  w h i l e  g a s e o u s  C 0 2 s o u r c e  w a s  u s e d  f o r  t h e  c a r b o n  
i m p l a n t s .  T h e  d e s i r e d  s p e c ie s  is  s e p a r a t e d  f r o m  t h e  o t h e r  i o n  s p e c ie s  c o n t a i n e d  i n  t h e  
b e a m ,  u s i n g  a  m a g n e t i c  m a s s  s p e c t r o m e t e r .  T h e  s e l e c t e d  b e a m  is  t h e n  e l e c t r o s t a t i c a l l y  
d e f l e c t e d  h o r i z o n t a l l y  a n d  v e r t i c a l l y  ( s c a n n i n g  d e f l e c t i o n  p l a t e s )  s o  t h a t  i t  s w e e p s  a c r o s s  
t h e  t a r g e t  i n  a  r a s t e r  p a t t e r n  t o  e n s u r e  h o m o g e n e o u s  i m p l a n t a t i o n s ,  a n d  a l s o  s l i g h t l y  o f f s e t  
( o f f s e t  d e f l e c t i o n  p l a t e s )  f r o m  t h e  a x i s  o f  t h e  a c c e l e r a t i o n  t u b e ,  s o  t h a t  t h e  i o n s  n e u t r a l i s e d  
d u r i n g  t h e i r  t r a v e l  f r o m  t h e  a n a l y s i n g  m a g n e t  t o  t h e  d e f l e c t i o n  p l a t e s  w i l l  n o t  b e  i n c i d e n t  
o n t o  t h e  t a r g e t ,  t o  a v o i d  d o s i m e t r y  e r r o r s  a n d  l a t e r a l  n o n - u n i f o r m i t y .  A d d i t i o n a l  e r r o r s  i n
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t h e  d e t e r m i n a t i o n  o f  t h e  i o n  b e a m  c u r r e n t  a r i s e  f r o m  t h e  s e c o n d a r y  e m i s s i o n  o f  e l e c t o n s  
f r o m  t h e  t a r g e t  a n d  f r o m  t h e  e d g e s  o f  t h e  a p e r t u r e  u s e d  t o  d e f i n e  t h e  i m p l a n t e d  a r e a .  A  
’ ’ s u p p r e s s i o n ”  c i r c u i t  is  u s e d  t o  e l i m i n a t e  t h e  s e c o n d a r y  e l e c t r o n s .
T h e  w a f e r s  w e r e  i m p l a n t e d  a t  r o o m  t e m p e r a t u r e  u s i n g  a  c a r o u s e l  s a m p l e  h o l d e r ,  i n  
w h i c h  a  m a x i m u m  o f  5  w a f e r s  c a n  b e  l o a d e d .  O n e  o f  t h e s e  is  u s e d  a s  a  “ d u m m y ”  t o  
e n a b l e  t h e  m a c h i n e  p a r a m e t e r s  t o  b e  s e t  u p  b e f o r e  t h e  b e a m  is  i n c i d e n t  o n  t h e  d e s i g n a t e d  
w a f e r s .  T h e  w a f e r s  w e r e  t i l t e d  a t  a n  a n g l e  o f  7°  w i t h  r e s p e c t  t o  t h e  i o n  b e a m ,  w i t h  t h e  
f l a t  s e t  a t  3 0 °  t o  t h e  h o r i z o n t a l  i n  o r d e r  t o  r e d u c e  t h e  o c c u r r e n c e  o f  c h a n n e l l i n g  [ 2 2 3 ] .  
T h e  i m p l a n t e d  a r e a  w a s  d e f i n e d  b y  a  s t a i n l e s s  s t e e l  c i r c u l a r  a p e r t u r e  w i t h  a  d i a m e t e r  
o f  2 i n c h e s .  A l t e r n a t i v e l y ,  a  r e c t a n g u l a r  s i l i c o n  a p e r t u r e  o f  a d j u s t a b l e  s i z e  w a s  u s e d  t o  
r e d u c e  t h e  i m p l a n t e d  a r e a  ( t y p i c a l l y  2 . 5 x 2 . 5  c m 2 ) .  T h e  t a r g e t  c h a m b e r  w a s  p u m p e d  b y  a  
c o n v e n t i o n a l  d i f f u s i o n  a n d  r o t a r y  p u m p  s y s t e m  ( s e e  f i g u r e  4 . 2 )  t o  a  p r e s s u r e  o f  le s s  t h a n  
1 0 ~ 6 T o r r  b e f o r e  s t a r t i n g  t h e  i m p l a n t a t i o n .  A  l i q u i d  N 2 c o l d  f i n g e r ,  s h o w n  i n  t h e  f i g u r e ,
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w a s  a l s o  p l a c e d  i n  t h e  t a r g e t  c h a m b e r  n e a r  t o  t h e  s a m p l e s  t o  c o n d e n s e  h y d r o c a r b o n s .  
T y p i c a l  v a l u e s  o f  t h e  c u r r e n t  d e n s i t y  w e r e  0 . 5  p h /c m 2 f o r  74G e +  b e a m s ,  c o r r e s p o n d i n g  
t o  p o w e r  d e n s i t i e s  r a n g i n g  f r o m  3 5  m W / c m 2 a t  7 0  k e V  t o  2 0 0  m W / c m 2 a t  4 0 0  k e V .  I n  
t h e  c a s e  o f  1 1 0  k e V  12C +  b e a m s ,  a  t y p i c a l  v a l u e  o f  t h e  c u r r e n t  d e n s i t y  w a s  0 . 0 5  / z A / c m 2 , 
c o r r e s p o n d i n g  t o  a  p o w e r  d e n s i t y  o f  5 . 5  m W / c m 2 .
F i g u r e  4 . 2 :  S c h e m a t i c  o f  t h e  v a c u u m  s y s t e m  o f  t h e  t a r g e t  c h a m b e r  i n  t h e  5 0 0  k V  a c c e l e r a t o r  
a t  t h e  U n i v e r s i t y  o f  S u r r e y .
T h e  28S i +  i m p l a n t a t i o n s  w e r e  p e r f o r m e d  i n  t h e  2 M V  a c c e l e r a t o r  a t  t h e  U n i v e r s i t y  o f  
S u r r e y .  A  H o t  P e n n i n g  s o u r c e  w i t h  g a s e o u s  S i F 4 w a s  u s e d  t o  p r o d u c e  t h e  s i l i c o n  i o n s .  
A  s p e c i a l  t a r g e t  c h a m b e r  ( s c h e m a t i c a l l y  s h o w n  i n  f i g u r e  4 . 3 )  a v a i l a b l e  i n  t h i s  a c c e l e r a t o r  
a l l o w s  t h e  i m p l a n t e d  w a f e r  t o  b e  c o o l e d  d o w n  p r i o r  t o  t h e  i m p l a n t  a n d  m a n t a i n e d  a t  
a b o u t  1 2 0  K  u s i n g  l i q u i d  N 2 . T h e  w a f e r s  w e r e  l i g h t l y  c l a m p e d  w i t h  a l u m i n i u m  c l i p s  ( n o t  
s h o w n )  o n  a  N i  p l a t e d  c o p p e r  b l o c k  w h i c h  w a s  i n  t h e r m a l  c o n t a c t  w i t h  a  l i q u i d  N 2 b a t h .  
G o o d  t h e r m a l  c o n t a c t  b e t w e e n  t h e  w a f e r  a n d  t h e  c o p p e r  b l o c k  w a s  e n s u r e d  u s i n g  a  t h i n  
f i l m  o f  v a c u u m  g r e a s e  o n  t h e  b a c k  o f  t h e  w a f e r .  T h e  t y p i c a l  b e a m  c u r r e n t  w a s  a b o u t  
0 . 1  p A /c m 2, t h a t  i s  5 0  m W / c m 2 . T h e  t e m p e r a t u r e  o f  t h e  w a f e r  d u r i n g  i m p l a n t a t i o n  w a s
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m o n i t o r e d  w i t h  a  t h e r m o c o u p l e  i n  c o n t a c t  w i t h  t h e  w a f e r  s u r f a c e ,  o u t s i d e  t h e  i m p l a n t e d  
a r e a .  T y p i c a l  v a l u e s  o f  t h e  w a f e r  t e m p e r a t u r e  b e f o r e  a n d  d u r i n g  i m p l a n t a t i o n  w e r e  1 2 0  
K  a n d  1 5 0  K ,  r e s p e c t i v e l y .
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Figure 4.3: Schematic of the low temperature sample holder in the 2M V accelerator at the 
University of Surrey.
4.2.2 Thermal anneals
A l l  s a m p l e s  w e r e  a n n e a l e d  a t  t h e  U n i v e r s i t y  o f  S u r r e y ,  w i t h  t h e  e x c e p t i o n  o f  a  l i m i t e d  
n u m b e r  o f  s a m p l e s  ( s p e c i f i e d  i n  s e c t i o n  4 . 3 . 1 ) ,  u s i n g  a  g a s  f l o w  r e s i s t i v e l y  h e a t e d ,  t u b e  
f u r n a c e  w i t h  a  d i a m e t e r  o f  3  i n c h e s .  T h e  t e m p e r t a t u r e  i n s i d e  t h e  f u r n a c e  w a s  m o n i t o r e d  
u s i n g  a  t h e r m o c o u p l e  a n d  t h e  m a x i m u m  t e m p e r a t u r e  v a r i a t i o n  a l o n g  t h e  c e n t r a l  z o n e  o f  
t h e  f u r n a c e  ( a b o u t  1 0  c m  l o n g )  w a s  m e a s u r e d  a s  t o  b e  ± 2 ° C .  A  f l o w  o f  1 . 5  l i t r e / m i n  
o f  n i t r o g e n  ( p u r i t y  l e v e l  9 9 . 9 9 8 % )  w a s  e s t a b l i s h e d  t y p i c a l l y  5  m i n u t e s  b e f o r e  i n s e r t i n g  
t h e  s a m p l e s .  T h e  s a m p l e s  w e r e  h o r i z o n t a l l y  l o a d e d  i n t o  a  q u a r t z  s a m p l e  h o l d e r  ( 5  c m  
l o n g )  w h i c h  w a s  p l a c e d  i n s i d e  t h e  t u b e  n e a r  i t s  e x t r e m i t y  a n d  p u s h e d  i n t o  t h e  c e n t r e  o f  
t h e  f u r n a c e  u s i n g  a  q u a r t z  r o d .  T h e  l o a d i n g  a n d  u n l o a d i n g  t i m e s  w e r e  e a c h  n o m i n a l l y  1
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m i n u t e .
A  l i m i t e d  n u m b e r  o f  s a m p l e s ,  l i s t e d  i n  s e c t i o n  4 . 3 . 1 ,  w a s  a n n e a l e d  u s i n g  a n  R T A  s y s t e m  
a t  t h e  C N R - I M E T E M  l a b o r a t o r y  o f  C a t a n i a  ( I t a l y ) .
4 . 3  I o n  b e a m  s y n t h e s i s
4 .3 .1  Samples for materials studies
G e r m a n i u m  i o n s  w e r e  i m p l a n t e d  a t  e n e r g i e s  o f  7 0 ,  1 4 0 ,  1 5 0 ,  2 0 0  a n d  4 0 0  k e V ,  w h i c h  
w i l l  b e  r e f e r r e d  t o  a s  l o w  ( 7 0  k e V ) ,  m e d i u m  ( 1 4 0 ,  1 5 0  a n d  2 0 0  k e V )  a n d  h i g h  ( 4 0 0  k e V )  
e n e r g i e s .  T h e  s e l e c t e d  d o s e s  w e r e  c h o s e n  u s i n g  t h e  s i m u l a t i o n  p r o g r a m  T R I M  [ 2 2 4 ] ,  i n  
o r d e r  t o  p r o d u c e  S i G e  a l l o y  l a y e r s  w i t h  a  m a x i m u m  v a l u e  o f  g e r m a n i u m  c o n c e n t r a t i o n  
r a n g i n g  f r o m  0 . 5  u p  t o  2 5  a t . % .  T h i s  f i r s t  s t e p  i n  t h e  s y n t h e s i s  p r o c e d u r e  is  s c h e m a t i c a l l y  
s h o w n  i n  f i g u r e  4 . 4 a ,  w h e r e  a  t y p i c a l  g e r m a n i u m  p r o f i l e  a n d  t h e  e x t e n t  o f  t h e  a m o r p h o u s  
l a y e r  a r e  i n d i c a t e d .  T h e  s a m p l e s  a r e  l i s t e d  i n  t a b l e  4 . 1 .  T h e  p r e f i x  l e t t e r  t o  t h e  w a f e r  
n u m b e r  r e f e r s  t o  t h e  G e +  i m p l a n t a t i o n  e n e r g y :  L  f o r  l o w  e n e r g y  ( 7 0  k e V ) ,  M  f o r  m e d i u m  
e n e r g y  ( 1 4 0 ,  1 5 0  a n d  2 0 0  k e V )  a n d  H  f o r  h i g h  e n e r g y  ( 4 0 0  k e V ) .
I n  a d d i t i o n  t o  w a f e r  H 4 ,  i m p l a n t e d  w i t h  4 0 0  k e V  G e +  i o n s  t o  a  d o s e  o f  9 x l 0 16 
G e + / c m 2 , u n d e r  t h e  c o n d i t i o n s  s p e c i f i e d  i n  s e c t i o n  4 . 2 . 1 ,  t h r e e  e x t r a  w a f e r s  w e r e  i m ­
p l a n t e d  w i t h  t h e  s a m e  d o s e  a n d  e n e r g y ,  b u t  w i t h  a v e r a g e  c u r r e n t  d e n s i t i e s  o f  0 . 2 ,  0 . 7  
a n d  1 .1  p A /c m 2 , r e s p e c t i v e l y ,  w h i c h  c o r r e s p o n d  t o  a  p o w e r  l o a d i n g  o f  0 . 0 8 ,  0 . 2 8  a n d  0 . 4 4  
W / c m 2 , r e s p e c t i v e l y ,  i n  o r d e r  t o  i n v e s t i g a t e  t h e  e f f e c t  o f  t h e  b e a m  c u r r e n t  d e n s i t y  o n  t h e  
a m o r p h i s a t i o n  o f  t h e  t a r g e t .  P a r t  o f  e a c h  w a f e r  l i s t e d  i n  t a b l e  4 . 1  w a s  ” p o s t - a m o r p h i s e d ”  
t o  a  g r e a t e r  d e p t h  a f t e r  t h e  G e +  i m p l a n t ,  a n d  p r i o r  t o  a n n e a l i n g ,  w i t h  5 0 0  k e V  S i +  i o n s
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Figure 4.4: Schematic diagram of the processing steps for the formation of SiGe/Si structures 
by ion implantation.
t o  a  d o s e  o f  6 x l 0 15 S i + / c m 2 w i t h  t h e  w a f e r  c o o l e d  t o  1 2 0 - 1 5 0  K  d u r i n g  t h e  i m p l a n t ,  a s  
d e s c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n .  T h e  S i +  i m p l a n t a t i o n  p a r a m e t e r s  w e r e  c h o s e n  i n  o r d e r  
t o  a m o r p h i s e  t h e  c o m p l e t e  s t r u c t u r e  t o  a  d e p t h  o f  a b o u t  1  / i m ,  a s  s h o w n  i n  f i g u r e  4 . 4 b .  
T h e  t w o  s e t s  o f  s a m p l e s  w i l l  b e  r e f e r r e d  t o  a s  ’ ’ w i t h ”  a n d  ’’ w i t h o u t ”  p o s t - a m o r p h i s a t i o n .  
A l l  w a f e r s  w e r e  t h e n  a n n e a l e d  i n  o r d e r  t o  r e g r o w  t h e  a m o r p h i s e d  s t r u c t u r e s  ( S P E G ) .  
F i g u r e  4 . 4 c  s c h e m a t i c a l l y  i l l u s t r a t e s  t h i s  l a s t  s t e p ,  a ls o  i n d i c a t i n g  t h a t  E O R  d e f e c t s  a r e  
e x p e c t e d  t o  b e  f o r m e d  a t  a  d e p t h  c o r r e s p o n d i n g  t o  t h e  a / c  i n t e r f a c e  ( s e e  s e c t i o n  2 . 2 . 1 ) .  
T w o  a n n e a l i n g  p r o c e d u r e s  h a v e  b e e n  e m p l o y e d ,  a s  l i s t e d  i n  t a b l e  4 . 1 .  I n  t h e  f i r s t ,  a n n e a l s  
h a v e  b e e n  c a r r i e d  o u t  a t  7 0 0 ° C  f o r  20 m i n  i n  f l o w i n g  N 2 a n d  i n  t h e  s e c o n d ,  a n  a n n e a l  a t  
7 0 0 ° C  f o r  2 0  m i n  w a s  f o l l o w e d  b y  a  s e c o n d  a n n e a l i n g  s t e p  a t  1 0 0 0 ° C  f o r  1 0  m i n  i n  f l o w i n g  
N 2 . T h e  7 0 0 ° C  a n n e a l  s t i m u l a t e d  S P E G  w h i l s t  t h e  1 0 0 0 ° C  s t e p  w a s  c a r r i e d  o u t  t o  a n n e a l  
r e s i d u a l  d e f e c t s .  S p e c i f i c  s a m p l e s  f r o m  w a f e r  H 4  w e r e  a n n e a l e d  a t  t e m p e r a t u r e s  r a n g i n g
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f r o m  5 5 0 ° C  t o  110 0 ° C ,  a s  d e t a i l e d  i n  t a b l e  4 . 2 ,  i n  o r d e r  t o  i n v e s t i g a t e  t h e  e f f e c t  o f  t h e  
r e g r o w t h  t e m p e r a t u r e  o n  t h e  f o r m a t i o n  o f  e x t e n d e d  d e f e c t s .
Sample
110.
Energy
(keV)
Nominal dose 
(Ge+ /cm2)
Post-
amorphisation
Annealing 
(N2 ambient)
LI 70 2.3el6
L2 70 3.5el6 (i)
M l 140 4.2el6 500 keV Si+ 700°C 20 min
M 2 150 2el5 0=6el5 cm~2 or
M 3 200 2el7 at 150 K (ii)
H I 400 3el6 700°C 20 min
H2 400 5el6 +
H3 400 7el6
H4 400 9el6
1 U U U  \ j  XU m i l l
T a b l e  4 . 1 :  I o n  b e a m  s y n t h e s is e d  S i G e  s a m p l e s .
Ge+ impl. Annealing
Sample Energy Dose Post- Temp. Time
no. (keV) (Ge+ /cm2) amorphisation (°C) (min.)
H4-1 400 9el6 550 150
H4-2 400 9el6 500 keV Si+ 600 120
H4 400 9el6 4>=6el5 700 20
H4-3 400 9el6 Si+ /cm2 850 20
H4-4 400 9el6 at 150 K 1100 10
T a b l e  4 . 2 :  D e s c r i p t i o n  o f  v a r i o u s  a n n e a l i n g  p a r a m e t e r s  f o r  s a m p l e  H 4 ,  i m p l a n t e d  w i t h  4 0 0  k e V  
G e +  io n s  t o  a  d o s e  o f  9 x l 0 16 G e + / c m 2 .
S a m p l e s  H I  a n d  H 4  w e r e  p o s t - a m o r p h i s e d  u n d e r  d i f f e r e n t  c o n d i t i o n s ,  o f  d o s e  a n d  
e n e r g y ,  a s  d e t a i l e d  i n  t a b l e  4 . 3 .
T h e  e f f e c t  o f  C +  c o - i m p l a n t a t i o n  a s  a  m e a n s  t o  c o n t r o l  t h e  f o r m a t i o n  o f  e x e n d e d  d e f e c t s  
i n  G e + - i m p l a n t e d  s t r u c t u r e s  h a s  b e e n  i n v e s t i g a t e d  i n  t w o  c a s e s .  I n  a  f i r s t  e x p e r i m e n t ,  
s e l e c t e d  s a m p l e s  f r o m  w a f e r s  H I  a n d  H 4  ( s e e  t a b l e  4 . 1 )  w e r e  c o - i m p l a n t e d  w i t h  C +  i o n s  a t
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Ge+ impl. Post-amorphisation
Sample Energy Dose Ion Energy Dose Annealing
no. (keV) (Ge+ /cm2) (keV) (ions/cm2) (N2 ambient)
H I 400 3el6 Si 500 6el5
H la 400 3el6 Si 500 5el5
H lb 400 3el6 Ge (400 +  800) (1 +  l)el5 700°C
H4 400 9el6 Si 500 6el5 20 min
H4a 400 9el6 Si 500 8el5
H4b 400 9el6 Si (500 +  300) (6 +  4)el5
H4c 400 9el6 Ge (400 +  800) (1.2 +  2.4)el5
T a b l e  4 . 3 :  D e s c r i p t i o n  o f  v a r i o u s  p o s t - a m o r p h i s a t i o n  p r o c e d u r e s .
a n  e n e r g y  o f  1 1 0  k e V  s o  t h a t  t h e  c a r b o n  d i s t r i b u t i o n  w a s  c o i n c i d e n t  w i t h  t h e  g e r m a n i u m  
d i s t r i b u t i o n .  D e t a i l s  o f  t h e  i m p l a n t e d  s a m p l e s  a r e  g i v e n  i n  t a b l e  4 . 4 .  T h e  p r e f i x  C  
i n d i c a t e s  t h a t  t h e  s a m p l e s  h a v e  b e e n  i m p l a n t e d  w i t h  C + . T a b l e  4 . 4  a ls o  i n c l u d e s  t h e  
r e f e r e n c e  s a m p l e s  H I  a n d  H 4 ,  i m p l a n t e d  w i t h  G e +  o n l y ,  a s  w e l l  a s  s a m p l e  C b  i m p l a n t e d  
w i t h  c a r b o n  o n l y .  A l l  s a m p l e s  l i s t e d  i n  t a b l e  4 . 4  w e r e  a n n e a l e d  a t  7 0 0 ° C  f o r  2 0  m i n  i n  
f l o w i n g  N 2 . I n  a  s e c o n d  e x p e r i m e n t ,  s a m p l e s  f r o m  w a f e r  M 2  w e r e  c o - i m p l a n t e d  w i t h  C +  
i o n s  a t  a n  e n e r g y  o f  6 5  k e V  a n d  l a b e l l e d  ” E O R ”  i n  t a b l e  4 . 5 .  I n  t h i s  c a s e  t h e  e n e r g y  w a s  
c h o s e n  s o  t h a t  t h e  c a r b o n  d i s t r i b u t i o n  i s  c e n t r e d  o n  t h e  “ E n d  O f  R a n g e ”  d e f e c t s  f o r m e d  
d u r i n g  r e g r o w t h  o f  t h e  a m o r p h o u s  l a y e r  f o r m e d  b y  t h e  G e +  i m p l a n t a t i o n .  A f t e r  t h e  G e +  
a n d  C +  i m p l a n t s ,  t h e  s a m p l e s  w e r e  a n n e a l e d ,  u s i n g  a n  R T A  s y s t e m  a t  t h e  C N R - I M E T E M  
l a b o r a t o r y  o f  C a t a n i a ,  a t  1 0 0 0 ° C  f o r  1 5  s e c  i n  f l o w i n g  N 2 .
4.3.2 Device structures
A  s e r i e s  o f  S i / S i G e / S i  l a y e r e d  s t r u c t u r e s  h a v e  b e e n  f o r m e d  b y  G e +  i o n  i m p l a n t a t i o n  a n d  
S i  d e p o s i t i o n  m e t h o d s .  T h e  a i m  o f  t h i s  e x p e r i m e n t  w a s  t o  e x p l o r e  m e t h o d s  o f  e m p l o y i n g
4.3. ION BEAM SYNTHESIS 77
Ge+ impl. C+ impl.
Sample Energy Dose Energy Dose Post- Annealing
no. (keV) (Ge+/cm2) (keV) (C+/cm2) amorphisation (N2 ambient)
H I 400 3el6 — —
H l-C a 400 3el6 110 2.6el5 500 keV Si+
H4 400 9el6 — — </>=6el5 700°C
H4-Cb 400 9el6 110 6el5 Si+/cm2 20 min
Cb — — 110 6el5 at 150 K
T a b l e  4 . 4 :  I m p l a n t a t i o n  d e t a i l s  o f  G e +  a n d  C +  c o - i m p l a n t e d  w a f e r s  w i t h  s u p e r i m p o s i n g  p r o f i l e s .
Ge+ impl. C+ impl.
Sample Energy Dose Energy Dose Annealing
no. (lceV) (Ge+ /cm2) (keV) (C+/cm2) (N2 ambient)
M 2 150 2el5 — --------.
EOR-1 150 2el5 65 3el3
EOR-2 150 2el5 65 lel4 RTA
EOR-3 150 2el5 65 3el4 1000°C
EO R -4 150 2el5 65 lel5 15 sec
EOR-5 150 2el5 65 3el5
T a b l e  4 . 5 :  I m p l a n t a t i o n  d e t a i l s  o f  w a f e r s  i m p l a n t e d  w i t h  C +  io n s  i n  t h e  r e g i o n  o f  E O R  d e f e c t s .
I B S  t o  r e a l i s e  d e v i c e  s t r u c t u r e s  c o m p a t i b l e  w i t h  d e v i c e  d i m e n s i o n s .  T h r e e  w a f e r s  ( D l ,  
D 2  a n d  D 3 )  w e r e  u s e d  f o r  t h i s  e x p e r i m e n t  a n d  a r e  d e t a i l e d  i n  t a b l e  4 . 6 .  A  S i  s u r f a c e  l a y e r  
w a s  d e p o s i t e d  b y  V P E  o n  w a f e r s  D l  a n d  D 2  a n d  b y  C V D  o n  w a f e r  D 3 ,  a f t e r  t h e  S i G e  
l a y e r  h a d  b e e n  s y n t h e s i s e d  b y  G e +  i m p l a n t a t i o n .  T h e  G e +  i m p l a n t a t i o n  s t e p  a n d  t h e  S i  
d e p o s i t i o n  s t e p  a r e  s c h e m a t i c a l l y  s h o w n  i n  f i g u r e  4 . 5  ( a  a n d  b ) .  W a f e r s  D l  a n d  D 2  ( 4 ”  n -  
t y p e  ( 0 0 1 )  C z  S i  w a f e r s )  w e r e  i m p l a n t e d  a t  D R A  ( M a l v e r n ,  U K )  w i t h  G e +  i o n s  a t  e n e r g i e s  
o f  7 0  a n d  2 0 0  k e V ,  r e s p e c t i v e l y .  B o t h  w a f e r s  w e r e  t h e n  d i v i d e d  i n t o  f o u r  q u a d r a n t s ,  t h r e e  
o f  w h i c h  r e c e i v e d  a  C +  i m p l a n t  a t  e n e r g i e s  o f  2 0  k e V  f o r  w a f e r  D l  a n d  4 3  k e V  f o r  w a f e r  
D 2 ,  a n d  d o s e s  r a n g i n g  f r o m  6 . 5 x l 0 14 C + / c m 2 t o  3 . 7 x l 0 15 C + / c m 2 , a s  s h o w n  i n  t a b l e  4 . 6 .
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T h e  C +  a n d  G e +  e n e r g i e s  w e r e  c h o s e n  s o  t h a t  t h e  i o n s  h a d  s i m i l a r  p r o j e c t e d  r a n g e s  a n d  
f o r m e d  a  b u r i e d  l a y e r  c e n t r e d  a t  a  d e p t h  o f  4 4  n m  f o r  w a f e r  D 1  a n d  1 1 4  n m  f o r  w a f e r  
D 2 , a c c o r d i n g  t o  i o n  r a n g e  t a b l e s  [ 2 2 5 ] .  A f t e r  i m p l a n t a t i o n  t h e  w a f e r s  w e r e  c l e a n e d  p r i o r  
t o  t h e  d e p o s i t i o n  o f  a n  u n d o p e d  s i l i c o n  e p i t a x i a l  l a y e r  o f  n o m i n a l  t h i c k n e s s  200 n m ,  u s i n g  
U H V / V P E  [ 2 2 6 ] .  A f t e r  g r o w t h ,  p a r t  o f  e a c h  s a m p l e  w a s  i m p l a n t e d  a t  t h e  U n i v e r s i t y  o f  
S u r r e y  w i t h  5 0 0  k e V  S i +  i o n s  t o  a  d o s e  o f  6 x l 0 15 S i + / c m 2 w i t h  t h e  s a m p l e s  c o o l e d  b y  
l i q u i d  n i t r o g e n ,  i n  o r d e r  t o  a m o r p h i s e  t h e  c o m p l e t e  s t r u c t u r e  t o  a  d e p t h  o f  a b o u t  1  ^ m  
( s e e  f i g u r e  4 . 5 c ) ,  a s  d e s c r i b e d  i n  s e c t i o n  4 . 2 . 1 .  F i n a l l y ,  a l l  s a m p l e s  w e r e  a n n e a l e d  i n  a  
t u b e  f u r n a c e  a s  d e s c r i b e d  i n  s e c t i o n  4 . 2 . 2  ( f i g u r e  4 . 5 d ) .
W a f e r s  D 3 - a  t o  D 3 - d  ( 3 ”  n - t y p e  ( 0 0 1 )  C z  S i  w a f e r s )  w e r e  i m p l a n t e d  a t  t h e  U n i v e r s i t y  
o f  S u r r e y  w i t h  7 0  k e V  G e +  i o n s  t o  d o s e s  r a n g i n g  f r o m  2 . 5 x l 0 15 G e + / c m 2 t o  2 . 5 x l 0 16 
G e + / c m 2 , a s  d e t a i l e d  i n  t a b l e  4 . 6 .  A f t e r  i m p l a n t a t i o n ,  a  s i l i c o n  c a p  l a y e r  o f  n o m i n a l  
t h i c k n e s s  3 0  n m  w a s  d e p o s i t e d  u s i n g  a  C V D  s y s t e m  a t  t h e  U n i v e r s i t y  o f  S o u t h a m p t o n  
a n d  p a r t  o f  e a c h  w a f e r  w a s  p o s t - a m o r p h i s e d  a n d  a n n e a l e d  a c c o r d i n g  t o  t h e  p r o c e d u r e  
s h o w n  i n  t a b l e  4 , 6 .
4 . 4  A n a l y s i s  t e c h n i q u e s
T h e  a s s e s s m e n t  o f  t h e  c r y s t a l l i n e  q u a l i t y  o f  t h e  s y n t h e s i s e d  s t r u c t u r e s  w a s  m a i n l y  a c h i e v e d  
b y  u s e  o f  T r a n s m i s s i o n  E l e c t r o n  M i c r o s c o p y  ( T E M ) . O t h e r  e x p e r i m e n t a l  t e c h n i q u e s  i n ­
c l u d i n g  X - R a y  D i f f r a c t i o n  ( X R D ) ,  R u t h e r f o r d  B a c k s c a t t e r i n g  S p e c t r o s c o p y  ( R B S )  a n d  
S e c o n d a r y  I o n  M a s s  S p e c t r o s c o p y  ( S I M S )  w e r e  i m p l e m e n t e d  a n d  c a r r i e d  o u t  i n  c o l l a b o ­
r a t i o n  w i t h  c o l l e a g u e s .
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F i g u r e  4 . 5 :  S c h e m a t i c  d i a g r a m  o f  t h e  p r o c e s s i n g  s t e p s  f o r  t h e  f o r m a t i o n  o f  S i / S i G e / S i  d e v ic e  
s t r u c t u r e s  b y  i o n  i m p l a n t a t i o n  a n d  d e p o s i t i o n  t e c h n iq u e s .
Ge+ impl. C+ impl.
Sample
no.
Energy
(keV)
Dose
(Ge+/cm2)
Energy
(keV)
Dose
(ions/cm2)
Silicon
deposition
Post-
amorphisation Annealing
D l-a 70 7el5 — ----
D l-b 70 7el5 20 6.5el4
D l-c 70 7el5 20 1.3el5
D l-d 70 7el5 20 1.95el5 200 nm 500 keV Si+
Si
D 2-a 200 1.7el6 — — 0=6e 15 700°C
D2-b 200 1.7el6 43 1.25el5 (VPE) Si+/cm2 20 min
D2-c 200 1.7el6 43 2.5el5 at 150 K in N2D2-d 200 1.7el6 43 3.7el5
D3-a 70 2.5el5 — — 30 nm
D3-b 70 1.25el6 — — Si
D3-c
D3-d
70
70
2el6
2.5el6 — —
(CVD)
T a b l e  4 . 6 :  D e t a i l s  o f  t h e  f a b r i c a t i o n  p r o c e d u r e  o f  S i / S i G e / S i  d e v ic e  s t r u c t u r e s .
4 .4 .1  Transmission Electron Microscopy
T h e  e l e c t r o n  m i c r o s c o p y  w a s  c a r r i e d  o u t  u s i n g  a  J E O L  2 0 0 0 - F X  T E M  a t  t h e  U n i v e r s i t y  
o f  S u r r e y ,  o p e r a t i n g  a t  a  v o l t a g e  o f  200 k V ,  w i t h  a  n o m i n a l  p o i n t - t o  p o i n t  r e s o l u t i o n
4.4. ANALYSIS TECHNIQUES 80
o f  0 . 3  n m .  T h e  p r e p a r a t i o n  o f  s a m p l e s  f o r  T E M  o b s e r v a t i o n  is  d e s c r i b e d  i n  A p p e n d i x  
A .  B o t h  p l a n  v i e w  a n d  c r o s s  s e c t i o n  s a m p l e s  w e r e  p r e p a r e d  a n d  a n a l y s e d .  T h e  a r e a s  
a n a l y s e d  b y  c r o s s  s e c t i o n  T E M  w e r e  o f  t h e  o r d e r  o f  1 0  p m 2 ( t y p i c a l l y  0 . 5  p m  x  2 0  p m ), 
s o  t h a t  t h e  l o w e r  d e t e c t i o n  l i m i t  o f  d e f e c t  d e n s i t y  w a s  ~ 1 0 7 c m - 2 . I n  t h e  c a s e  o f  p l a n  v i e w  
s a m p l e s ,  t h e  a n a l y s e d  a r e a s  w e r e  o f  t h e  o r d e r  o f  1000 p m 2, e n a b l i n g  t h e  d e t e r m i n a t i o n  
o f  d e f e c t  d e n s i t i e s  a s  l o w  a s  1 0 5 c m - 2 . A  s c h e m a t i c  d i a g r a m  o f  t h e  T E M  u s e d  i n  t h i s  
w o r k  is  s h o w n  i n  f i g u r e  4 . 6  [ 2 2 7 ] .  A  h e a t e d  h a i r p i n  c a t h o d e  ( f i l a m e n t )  e m i t s  e l e c t r o n s  
w h i c h  a r e  a c c e l e r a t e d  a n d  c o l l i m a t e d  a t  t h e  a n o d e .  A  c o n d e n s e r  l e n s  f o c u s e s  t h e  e l e c t r o n  
b e a m  i n  t h e  s p e c i m e n  p l a n e  t o  a  s p o t  o f  v a r i a b l e  s i z e  ( 0 . 1 - 1  p m  i n  d i a m e t e r ) .  I f  t h e  
s p e c i m e n  is  c r y s t a l l i n e  t h e  s c a t t e r e d  e l e c t r o n s  a r e  c o n c e n t r a t e d  i n t o  d i s c r e t e  d i r e c t i o n s  a s  
a  r e s u l t  o f  B r a g g  d i f f r a c t i o n ,  b y  w h i c h  a  s e t  o f  p a r a l l e l  c r y s t a l  p l a n e s  d i f f r a c t  e l e c t r o n s  i n  
s p e c i f i c  d i r e c t i o n s .  T h e  o b j e c t i v e  l e n s  f o c u s e s  t h e  d i f f r a c t e d  b e a m s  t o  s p o t s  o n  i t s  b a c k  
f o c a l  p l a n e  a n d  f o r m s  a  s i n g l e - s t a g e  m a g n i f i e d  i m a g e  o f  t h e  s a m p l e  i n  t h e  f i r s t  i m a g e  
p l a n e .  T h e  o p e r a t i n g  c o n d i t i o n s  o f  t h e  i n t e r m e d i a t e  l e n s ,  u n d e r n e a t h  t h e  f i r s t  i m a g e  
p l a n e ,  d e t e r m i n e s  t h e  f u n c t i o n i n g  m o d e  o f  t h e  m i c r o s c o p e ,  ( i )  I n  t h e  imaging m ode  
( f i g u r e  4 . 6 a )  t h e  i n t e r m e d i a t e  l e n s  is  f o c u s e d  o n  t h e  f i r s t  i m a g e  p l a n e  s o  t h a t ,  w i t h  t h e  a i d  
o f  t h e  p r o j e c t i v e  l e n s ,  a  m a g n i f i e d  i m a g e  o f  t h e  o b j e c t  is  v i s i b l e  o n  t h e  f l u o r e s c e n t  f i n a l  
i m a g e  s c r e e n  o r ,  w h e n  t h e  s c r e e n  is  l i f t e d ,  i s  r e c o r d e d  o n  a  p h o t o g r a p h i c  p l a t e ,  ( i i )  I n  t h e  
diffraction m ode  ( f i g u r e  4 . 6 b )  t h e  i n t e r m e d i a t e  l e n s  is  f o c u s e d  o n  t h e  b a c k  f o c a l  p l a n e  o f  
t h e  o b j e c t i v e  l e n s ,  s o  t h a t  a  m a g n i f i e d  i m a g e  o f  t h e  B r a g g  d i f f r a c t i o n  p a t t e r n  is  o b t a i n e d ,  
w h i c h  is  v i e w e d  o n  t h e  i m a g e  s c r e e n  o r  r e c o r d e d  p h o t o g r a p h i c a l l y .
B y  a d j u s t i n g  t h e  o b j e c t i v e  l e n s  a p e r t u r e  ( 2 0 - 8 0  p m  i n  d i a m e t e r ) ,  w h i c h  is  l o c a t e d  o n  
t h e  b a c k  f o c a l  p l a n e  o f  t h e  o b j e c t i v e  l e n s ,  i t  is  p o s s i b l e  t o  s e l e c t  o n e  p a r t i c u l a r  b e a m  t o
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Wehnelt cylinder 
Anode -------------
Hairpin cathode
k X j
Condenser lens
Condenser aperture ( 2 0 * 2 0 0  /i.m )
Specimen
Objective lens--
D iffracted beams
Objective bock focol p lane, 
also plane of the d iffrac tion  
pattern and of the ohiprtivp 
aperture diaphragm ( 2 0 * 8 0  /J.m>
Single-stoge magnified image, 
also plane of the selector 
aperture diaphram (20-300^ .m) 
Intermediate lens
In (a) two-stage magnified image 
in (b )  d iffra c tio n  pa tte rn  imaged  
in one stage. Also plane of the 
intermediate screen.
Projective lens
In (a )  three-stage magnified 
image, in (b ) tw o-stage magnified 
diffraction paltern. Final screen 
or photographic p late , respectively
b a c k  focal 
plane
first i m a g e  
plane
( b )
Figure 4.6: Schematic of the Transmission Electron Microscope, (a) Ray path for bright field 
imaging, (b) Ray path for selected area diffraction (from ref. [227]).
f o r m  t h e  i m a g e .  I f  t h e  t r a n s m i t t e d  b e a m  is  s e l e c t e d ,  a  bright field  i m a g e  is  o b t a i n e d  ( s e e  
f i g u r e  4 . 7 a ) .  A  dark field  i m a g e  is  o b t a i n e d  b y  s e l e c t i n g  o n e  o f  t h e  d i f f r a c t e d  b e a m s .  T h i s  
is  o b t a i n e d  e i t h e r  b y  t r a n s l a t i n g  t h e  o b j e c t i v e  a p e r t u r e  s o  t h a t  t h e  d e s i r e d  d i f f r a c t e d  b e a m  
p a s s e s  t h r o u g h  t h e  a p e r t u r e  ( f i g u r e  4 . 7 b )  o r ,  t o  a v o i d  d e g r a d a t i o n  o f  t h e  i m a g e  d u e  t o  
t h e  u s e  o f  a n  off-axis  b e a m ,  b y  t i l t i n g  t h e  i n c o m i n g  b e a m  s o  t h a t  t h e  s e l e c t e d  d i f f r a c t e d  
b e a m  b e c o m e s  a x i a l  ( s e e  f i g u r e  4 . 7 c ) .  B r i g h t  a n d  d a r k  f i e l d  i m a g e s  h a v e  b e e n  o b t a i n e d  i n
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t w o - b e a m  c o n d i t i o n s  [ 2 2 7 ]  t h r o u g h o u t  t h i s  w o r k ,  w i t h  s > 0 ,  w h e r e  t h e  v e c t o r  s  d e s c r i b e s  
t h e  d e v i a t i o n  f r o m  t h e  e x a c t  B r a g g  p o s i t i o n .  U n d e r  t h e s e  c o n d i t i o n s  b r i g h t  f i e l d  i m a g e s  
e x h i b i t  m a x i m u m  c o n t r a s t .  T h e  s i g n  o f  s  h a s  b e e n  a s s e s s e d  i n  d i f f r a c t i o n  p a t t e r n s  f r o m  t h e  
r e l a t i v e  p o s i t i o n  o f  K i k u c h i  l i n e s  a n d  d i f f r a c t e d  s p o t s  [ 2 2 8 ] .  D a r k  f i e l d  i m a g e s  h a v e  b e e n  
e s p e c i a l l y  u s e d  t o  i n v e s t i g a t e  t h e  p r e s e n c e  o f  c r y s t a l l i n e  i n c l u s i o n s  i n  a m o r p h o u s  l a y e r s ,  
w i t h  a  m i n i m u m  f e a t u r e  s i z e  t h a t  c a n  b e  d e t e c t e d  e s t i m a t e d  t o  b e  2 . 5  n m ,  c o r r e s p o n d i n g  
t o  0.2  m m  a t  a  m a g n i f i c a t i o n  o f  8 0 , 0 0 0 x .  T h e  t h i c k n e s s  o f  t h e  a m o r p h o u s  l a y e r s  f o r m e d  
a f t e r  i m p l a n t a t i o n  h a s  b e e n  m e a s u r e d  f r o m  b r i g h t  f i e l d  i m a g e s  t a k e n  f r o m  c r o s s - s e c t i o n  
s a m p l e s .  I n  t h e  c a s e  o f  s a m p l e s  e x h i b i t i n g  s h a r p  a / c  i n t e r f a c e s ,  t h e  i n t e r f a c e  r o u g h n e s s  
h a s  b e e n  d e t e r m i n e d  b y  t h e  m a x i m u m  ” p e a k - t o - v a l l e y ”  d i s t a n c e  a l o n g  t h e  i n t e r f a c e  l i n e .  
A l t e r n a t i v e l y ,  t h e  t h i c k n e s s  o f  t h e  t r a n s i t i o n  r e g i o n  f r o m  t h e  a m o r p h o u s  t o  t h e  c r y s t a l l i n e  
p h a s e  h a s  b e e n  d e t e r m i n e d  u s i n g  b o t h  b r i g h t  a n d  d a r k  f i e l d  i m a g e s .
I 0 —  P r i m a r y  b e a m  
— Sample
a ) b)
Objective lens plane 
Objective aperture
F i g u r e  4 . 7 :  B r i g h t  a n d  d a r k  f i e l d  i m a g i n g .  S i m p l i f i e d  r a y  p a t h ,  ( a )  B r i g h t  f i e l d ,  ( b )  D a r k  f i e l d  
b y  d i s p l a c i n g  t h e  o b j e c t i v e  a p e r t u r e ,  ( c )  D a r k  f i e l d  b y  t i l t i n g  e l e c t r o n  g u n  o r  p r i m a r y  b e a m  
( f r o m  r e f .  [ 2 2 7 ] ) .  ^ .......................................
I n  a d d i t i o n ,  ” w e a k - b e a m ” d a r k  f i e l d  i m a g e s  [ 2 2 9 ]  h a v e  b e e n  u s e d  t o  o b t a i n  s h a r p  
c o n t r a s t  f r o m  t h e  c o n t o u r s  o f  d i s l o c a t i o n s .  W e a k - b e a m  i m a g e s  h a v e  b e e n  f o r m e d  u s i n g  
a  f a i n t  l o w  i n d e x  d i f f r a c t i o n  b e a m  ( g e n e r a l l y  ( 220 ) )  w h i l e  a  c o r r e s p o n d e n t  m u l t i p l e - o r d e r
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b e a m  is  s t r o n g l y  e x c i t e d .  C r o s s - s e c t i o n  s a m p l e s  h a v e  b e e n  i m a g e d  a l o n g  t h e  <110> 
d i r e c t i o n ,  w h i l e  t h e  < 0 01>  d i r e c t i o n  h a s  b e e n  e m p l o y e d  f o r  p l a n  v i e w  s a m p l e s .  A d d i t i o n a l  
z o n e  a x e s  h a v e  b e e n  u s e d  f o r  t h e  s t u d y  o f  t h e  o r i e n t a t i o n  a n d  t h e  B u r g e r s  v e c t o r  o f  
d i s l o c a t i o n s  i n  p l a n  v i e w  s a m p l e s .  I n  t h i s  c a s e  t h e  d e t e r m i n a t i o n  o f  t h e  e l e c t r o n  b e a m  
d i r e c t i o n  ( B )  h a s  b e e n  c a r r i e d  o u t  b y  m e a s u r i n g  t h e  d e v i a t i o n  o f  B  f r o m  t h e  v a r i o u s  
z o n e  a x e s ,  a s  d e f i n e d  b y  K i k u c h i  p a t t e r n s  [ 2 2 8 ] .  T h e  c r y s t a l l o g r a p h i c  o r i e n t a t i o n  o f  t h e  
d i s l o c a t i o n  l i n e s  h a s  b e e n  d e s c r i b e d  b y  s t e r e o g r a p h i c  p r o j e c t i o n s  ( s e e  f i g u r e  4 . 8 a ) ,  w h i l e  
t h e  a n g l e s  b e t w e e n  d i f f e r e n t  d i r e c t i o n s  h a v e  b e e n  m e a s u r e d  u s i n g  a  W u l f f  n e t  w i t h  a n  
a c c u r a c y  o f  ±  2°  ( s e e  f i g u r e  4 . 8 b )  [ 2 2 8 ] .  T h e  d e f e c t s  B u r g e r s  v e c t o r  b h a s  b e e n  d e t e r m i n e d  
u s i n g  t h e  “g • b=0 e f f e c t i v e  i n v i s i b i l i t y  c r i t e r i o n ”  [ 2 3 0 ] ,  a c c o r d i n g  t o  w h i c h  a  p e r f e c t  m i x e d  
d i s l o c a t i o n  s h o w s  w e a k  r e s i d u a l  c o n t r a s t  i f  g  ■ b =  0, w h i l e  g • b e /  0 a n d  g-b A u  /  0, 
w h e r e  g is  t h e  d i f f r a c t i n g  v e c t o r ,  u is  a  u n i t  v e c t o r  a l o n g  t h e  d i s l o c a t i o n  l i n e  a n d  b e is  
t h e  e d g e  c o m p o n e n t  o f  t h e  B u r g e r s  v e c t o r .
Figure 4.8: (a) Standard (001) stereographic projection for cubic structures, (b) A Wulff net 
divided into two degree divisions (from ref. [228]).
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T h e  p l a n  v i e w  T E M  a n a l y s i s  o f  s a m p l e s  M 2 a n d  EOR-1 t o  EOR-5, i m p l a n t e d  w i t h  
1 5 0  k e V  G e +  a n d  6 5  k e V  C +  ( s e e  t a b l e  4 . 5 )  h a s  b e e n  p e r f o r m e d  b y  D r .  C .  B o n a f o s ,  
u s i n g  a  J E O L  200C X  e l e c t r o n  m i c r o s c o p e  a t  t h e  C E M E S / C N R S  l a b o r a t o r y  o f  T o u l o u s e  
( F r a n c e ) .
4.4.2 X-Ray Diffraction
X R D  a n a l y s i s  h a s  b e e n  u s e d  t o  d e t e r m i n e  t h e  s t r a i n  l e v e l  i n  t h e  i o n  b e a m  s y n t h e s i s e d  
a l l o y s .  T h e  X R D  e x p e r i m e n t s  h a v e  b e e n  c a r r i e d  o u t  a t  t h e  U n i v e r s i t y  o f  S u r r e y  u s i n g  
a  d o u b l e  c r y s t a l  d i f f r a c t o m e t e r  s c h e m a t i c a l l y  s h o w n  i n  f i g u r e  4 . 9 .  A  C o p p e r  K a  X - r a y  
b e a m  is  g e n e r a t e d  b y  a  s o u r c e  o p e r a t i n g  a t  4 5  k e V .  T h e  a n g u l a r  d i s p e r s i o n  o f  t h e  X - r a y  
b e a m  is  r e d u c e d  b y  a  S i  c h a n n e l - c u t  c o l l i m a t o r .  T h e  w a v e l e n g t h  v a r i a t i o n  is  l i m i t e d  b y  
t h e  u s e  o f  s l i t s ,  w h i c h  e l i m i n a t e  t h e  K a 2 c o m p o n e n t  o f  t h e  r a d i a t i o n  a n d  o f  a  S i  ( 1 1 1 )  
m o n o c h r o m a t o r  w h i c h  f u r t h e r  d e c r e a s e s  t h e  w a v e l e n g t h  d i s p e r s i o n .  C o p p e r  K a i  r a d i a t i o n  
( A = 0 . 1 5 4 3 1  n m )  h a s  b e e n  u s e d  f o r  t h e s e  e x p e r i m e n t s .
For a surface-symmetric reflection configuration, such as the (004) reflection, the sam-
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p i e  is  p o s i t i o n e d  a t  a n  a n g l e  9q w i t h  r e s p e c t  t o  t h e  X - r a y  b e a m  ( s e e  f i g u r e  4 . 9 ) ,  w h i c h  
c o r r e s p o n d s  t o  t h e  d i f f r a c t i o n  a n g l e  o f  t h e  r e f l e c t i n g  p l a n e s  ( # 0 = 3 4 . 5 6 °  i n  t h i s  c a s e ) .  T h e  
X - r a y  i n t e n s i t y  is  r e c o r d e d  w h e n  t h e  s a m p l e  is  i n c l i n e d  t o  ±  0 . 4 °  a b o u t  9q ( “ r o c k i n g  
c u r v e s ” ) ,  w i t h  t y p i c a l  s c a n n i n g  s t e p s  v a r y i n g  f r o m  2 t o  20 a r c s e c .
A  t y p i c a l  ( 0 0 4 )  r o c k i n g  c u r v e  is  s h o w n  i n  f i g u r e  4 . 1 0 ,  w h i c h  h a s  b e e n  r e c o r d e d  f r o m  
s a m p l e  H4 ( s e e  t a b l e  4 . 1 ) ,  a f t e r  p o s t - a m o r p h i s a t i o n  a n d  r e g r o w t h  a t  7 0 0 ° C  f o r  2 0  m i n .  
I n  t h i s  s p e c t r u m ,  t h e  m o s t  i n t e n s e  p e a k  ( l a b e l l e d  ” A ”  i n  f i g u r e  4 . 1 0 )  i s  d u e  t o  d i f f r a c t i o n  
f r o m  t h e  s i l i c o n  s u b s t r a t e ,  w h i l e  t h e  p e a k  c e n t r e d  a t  — 6 2 0  a r c s e c  ( l a b e l l e d  ” B ”  i n  f i g u r e  
4 . 1 0 )  is  d u e  t o  d i f f r a c t i o n  f r o m  t h e  S i G e  a l l o y  l a y e r .  A  s e t  o f  i n t e r f e r e n c e  f r i n g e s  i s  a l s o  
o b s e r v e d  b e t w e e n  t h e  t w o  m a i n  p e a k s ,  w h i c h  is  r e l a t e d  t o  t h e  S i G e  l a y e r  [ 2 3 1 ] .  T h i s  
a s p e c t  is  d i s c u s s e d  i n  m o r e  d e t a i l  i n  s e c t i o n  6 . 2 . 3 .  I n  S i G e / S i  s t r u c t u r e s  w i t h  c o n s t a n t  
g e r m a n i u m  c o n t e n t ,  t h e  p e a k  s e p a r a t i o n  ( A 9) is  p r o p o r t i o n a l  t o  t h e  d i f f e r e n c e  b e t w e e n  
t h e  p e r p e n d i c u l a r  l a t t i c e  p a r a m e t e r s  o f  t h e  l a y e r  a n d  t h e  s u b s t r a t e  [ 2 3 2 ] .  I n  i o n  b e a m  
s y n t h e s i s e d  s t r u c t u r e s ,  t h e  g e r m a n i u m  p r o f i l e  h a s  a  g a u s s i a n  s h a p e ,  a n d  t h e  p o s i t i o n  o f  
t h e  p e a k  i n  t h e  e x t r e m e  l e f t  i n  f i g u r e  4 . 1 0 ,  i s  n o t  s i m p l y  r e l a t e d  t o  t h e  p e a k  g e r m a n i u m  
c o n c e n t r a t i o n .  H o w e v e r ,  f o r  s i m p l i c i t y ,  i t  w i l l  s t i l l  b e  i n d i c a t e d  a s  t h e  “ S i G e  p e a k ” . F o r  
t h e  s a m e  r e a s o n ,  t h e  s t r a i n  l e v e l ,  w h i c h  h a s  b e e n  d e t e r m i n e d  i n  t h e  i m p l a n t e d  l a y e r s  b y  
m e a s u r i n g  t h e  a n g u l a r  p o s i t i o n  o f  t h e  “ S i G e  p e a k ”  w i t h  r e s p e c t  t o  t h e  s u b s t r a t e  p e a k ,  
d o e s  n o t  c o r r e s p o n d  t o  t h e  m a x i m u m  l e v e l  o f  s t r a i n  i n  t h e  s t r u c t u r e ,  b u t  i t  o n l y  g i v e s  
a n  a p p r o x i m a t e d  m e a s u r e  o f  i t  [ 1 4 8 ] .  F r o m  a  ( 0 0 4 )  r o c k i n g  c u r v e ,  s u c h  a s  t h e  o n e  s h o w n  
i n  f i g u r e  4 . 1 0 ,  o n l y  t h e  p e r p e n d i c u l a r  s t r a i n  ( e j_ )  c a n  b e  e x t r a c t e d  u s i n g  t h e  f o l l o w i n g  
r e l a t i o n  [ 2 3 2 ] :
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Delta theta (arcsec)
Figure 4.10: (004) DCXRD rocking curve from sample H 4  implanted with 400 lceV Ge+ ions 
to a dose of lxlO17 Ge+ /cm 2, post-amorphised and annealed at 700°C for 20 min in N2.
w h e r e  0 i s  t h e  B r a g g  a n g l e  f o r  t h e  (004) p l a n e s  (34.56°). B o t h  t h e  p e r p e n d i c u l a r  a n d  t h e  
p a r a l l e l  s t r a i n  ( e | | )  c a n  b e  d e t e r m i n e d  u s i n g  a  r e f l e c t i n g  p l a n e  i n c l i n e d  t o  t h e  s u r f a c e  b y  a n  
a n g l e  cj). W i t h  r e f e r e n c e  t o  f i g u r e  4.11, a  r e f l e c t i o n  f r o m  s u c h  a  p l a n e  c a n  b e  m e a s u r e d  a t  
a  h i g h  a n g l e  o f  i n c i d e n c e  (cu+  =  6 +  </>), o r  a t  a  l o w  a n g l e  o f  i n c i d e n c e  (c u _  =  9  —  </>), w h e r e  
6  i s  t h e  B r a g g  a n g l e  f o r  t h e  i n c l i n e d  p l a n e .  I n  t h e  r e m a i n d e r ,  t h e s e  t w o  e x p e r i m e n t a l  
s e t u p s  w i l l  b e  r e f e r r e d  t o  a s  t h e  “ cu+ ”  a n d  t h e  “ w _ ”  c o n f i g u r a t i o n s ,  r e s p e c t i v e l y .
T y p i c a l  r o c k i n g  c u r v e s  f r o m  ( 1 1 3 )  p l a n e s  w i t h  a  l o w  a n g l e  o f  i n c i d e n c e  a n d  a  h i g h  a n g l e  
o f  i n c i d e n c e  a r e  s h o w n  i n  f i g u r e  4 . 1 2 a  a n d  4 . 1 2 b ,  r e s p e c t i v e l y ,  w h i c h  h a v e  b e e n  r e c o r d e d  
f r o m  s a m p l e  H4, a f t e r  p o s t - a m o r p h i s a t i o n  a n d  r e g r o w t h  a t  7 0 0 ° C  f o r  2 0  m i n .  T h e  p e a k  
s e p a r a t i o n s  ( A a n d  A w + )  i n  t h i s  c a s e  w e r e  7 0 0  a r c s e c  a n d  4 5  a r c s e c ,  r e s p e c t i v e l y .
T h e  d i f f e r e n c e  i n  t h e  B r a g g  a n g l e  ( A 0 )  a n d  t h e  t i l t  a n g l e  (A<p) b e t w e e n  t h e  s i l i c o n  
s u b s t r a t e  a n d  t h e  S i G e  a l l o y  l a y e r  c a n  b e  f o u n d  b y  a d d i n g  a n d  s u b t r a c t i n g  t h e  m e a s u r e d
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F i g u r e  4 . 1 1 :  S c h e m a t i c  r e p r e s e n t a t i o n  o f  a  s u r f a c e - a s y m m e t r i c  r e f l e c t i o n  c o n f i g u r a t i o n .  T h e  
r e f l e c t i n g  p l a n e  ( B r a g g  a n g l e  6) is  i n c l i n e d  t o  t h e  s u r f a c e  b y  a n  a n g l e  </>. X - r a y  r e f l e c t i o n  is  
m e a s u r e d  a t  h i g h  a n g l e  o f  i n c i d e n c e  (u > +  =  6 +  (f>) o r  a t  a  lo w  a n g l e  o f  in c i d e n c e  ( w _  —  6 — <fi).
-800 -600 -400 -200
D e lta  theta (arcsec)
0 -800 -600 -400 -200
D e lta  theta (arcsec)
0
F i g u r e  4 . 1 2 :  ( 1 1 3 )  D C X R D  r o c k i n g  c u r v e s  f r o m  s a m p l e  H 4  i m p l a n t e d  w i t h  4 0 0  k e V  G e +  io n s  
t o  a  d o s e  o f  l x l O 17 G e + / c m 2 , p o s t - a m o r p h i s e d  a n d  r e g r o w n  a t  7 0 0 ° C  f o r  2 0  m i n  i n  N 2 . ( a )  L o w  
a n g l e  o f  i n c i d e n c e  ( ” o ; _ ”  c o n f i g u r a t i o n ) ,  ( b )  H i g h  a n g l e  o f  i n c i d e n c e  ( ” w + "  c o n f i g u r a t i o n ) .
a n g l e s  A c < /_  a n d  A c u +
A #  =
A oj_ +  A cj+
A  <f>
A c < j_  —  A  (x)+ (4.2)
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sinQ cos(j)
The values of ej_ and ey are extracted by the following relations [232]:
e_L =
el =
sin (9  — A 9) cos(cj) +  A (f>) 
sin 9  sincj)
-  1 ( 4 . 3 )
( 4 . 4 )
sin(9 — A 9) sin((f> + A0)
T h e  e r r o r  i n  t h e  v a l u e  o f  t h e  p a r a l l e l  s t r a i n  ( e y )  is  d u e  t o  t h e  u n c e r t a i n t y  i n  t h e  e v a l u a t i o n  
o f  ( A o / + )  i n  t h e  “ o /+ ”  c o n f i g u r a t i o n  ( s e e  f i g u r e  4 . 1 2 b ) .  I n  s u c h  e x p e r i m e n t a l  c o n d i t i o n s ,  i t  
w a s  f o u n d  t h a t ,  w i t h  t h e  e x c e p t i o n  o f  s a m p l e  H4, w h i c h  c o n t a i n s  t h e  h i g h e s t  g e r m a n i u m  
d o s e  a n d  t h u s  a  h i g h  p e a k  g e r m a n i u m  c o n c e n t r a t i o n ,  t h e  “ S i G e  p e a k ”  o v e r l a y s  t h e  m a i n  
s i l i c o n  p e a k  f o r  a l l  s a m p l e s ,  s o  t h a t  i t s  p o s i t i o n  c o u l d  b e  d e t e r m i n e d  t o  n o  b e t t e r  t h a n  ±  
10  a r c s e c  i n  m o s t  c a s e s .
F o r  a  p a r t i a l l y  r e l a x e d  m a t e r i a l ,  t h e  d e g r e e  o f  r e l a x a t i o n  c a n  b e  d e s c r i b e d  b y  t h e  
r e l a x a t i o n  f a c t o r  ( R ) ,  d e f i n e d  a s  [ 2 3 1 ]
R = ajL-ao (45)
Oil cio
w h e r e  d o  is  t h e  l a t t i c e  p a r a m e t e r  o f  t h e  s i l i c o n  s u b s t r a t e ,  d /  is  t h e  l a t t i c e  p a r a m e t e r  o f  
t h e  f u l l y  r e l a x e d  a l l o y  l a y e r  a n d  d y  is  t h e  l a t t i c e  p a r a m e t e r  o f  t h e  a l l o y  i n  t h e  d i r e c t i o n  
p a r a l l e l  t o  t h e  s u r f a c e .  R  i s  z e r o  f o r  t h e  f u l l y  s t r a i n e d  s t a t e  a n d  u n i t y  f o r  t h e  f u l l y  r e l a x e d  
s t a t e .  T h e  p e r p e n d i c u l a r  a n d  p a r a l l e l  l a t t i c e  p a r a m e t e r s  d j_  a n d  d y  o f  a  s t r e s s e d  l a y e r  o n  a  
t h i c k  s u b s t r a t e  a r e  r e l a t e d  t o  t h e  f u l l y  r e l a x e d  l a t t i c e  p a r a m e t e r  ai t h r o u g h  t h e  f o l l o w i n g  
e x p r e s s i o n  [ 2 3 1 ] :
a ,  =  O j .  +  2  ( 4 . 6 )
w h e r e  u i s  t h e  P o i s s o n ’s  r a t i o .  T a k i n g  i n t o  a c c o u n t  t h a t  e j_  =  ( d j_  -  d o ) / d 0 a n d  ey =  ( d y  -  
d o ) / d o  t h e  r e l a x a t i o n  f a c t o r  c a n  b e  e x p r e s s e d  i n  t e r m s  o f  t h e  p e r p e n d i c u l a r  a n d  p a r a l l e l
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s t r a i n  a s  f o l l o w s
R = __________ 0  +  r i ___________  ( 4 7 )
€ _ l(1  +  v)  +  2z /(e | |  -  e x )
T h e  m e a s u r e d  v a l u e s  o f  e x  ( e q u a t i o n s  4 . 1  a n d  4 . 3 ) ,  e\\ ( e q u a t i o n  4 . 4 )  a n d  R  ( e q u a t i o n  
4 . 7 )  w i l l  b e  p r e s e n t e d  i n  t h e  n e x t  c h a p t e r .  S o m e  o f  t h e  e x p e r i m e n t a l  r o c k i n g  c u r v e s  
h a v e  a l s o  b e e n  c o m p a r e d  t o  s i m u l a t e d  c u r v e s  o b t a i n e d  u s i n g  t h e  c o m p u t e r  p r o g r a m  H R S  
[ 2 3 3 ] ,  w h i c h  c a l c u l a t e s  t h e  x - r a y  r e f l e c t i v i t y  o f  t h e  d e s i g n e d  s t r u c t u r e s  o n  t h e  b a s i s  o f  t h e  
d y n a m i c a l  t h e o r y  o f  X - r a y  d i f f r a c t i o n .
4.4.3 Rutherford Backscattering Spectroscopy
T h e  c o m p o s i t i o n  a n d  c r y s t a l l i n e  q u a l i t y  o f  s e l e c t e d  s a m p l e s  h a v e  b e e n  s t u d i e d  b y  R u t h e r ­
f o r d  B a c k s c a t t e r i n g  S p e c t r o s c o p y  ( R B S )  a n d  c h a n n e l l i n g  ( [ 0 0 1 ]  d i r e c t i o n )  a n a l y s i s .  T h e  
2 M V  V a n  d e r  G r a a f f  a c c e l e r a t o r  a t  t h e  U n i v e r s i t y  o f  S u r r e y  h a s  b e e n  u s e d  t o  p r o d u c e  a  
c o l l i m a t e d  1 . 5  M e V  H e +  b e a m .  T h e  b a c k s c a t t e r e d  H e +  i o n s  w e r e  e n e r g y  a n a l y s e d  u s i n g  
a  s u r f a c e  b a r r i e r  d e t e c t o r  w i t h  a n  e n e r g y  r e s o l u t i o n  o f  1 3  k e V ,  p o s i t i o n e d  a t  a  s c a t t e r i n g  
a n g l e  o f  1 6 0 ° .  T h e  e n e r g y  s p e c t r u m  o f  t h e  b a c k s c a t t e r e d  H e +  i o n s  w a s  u s e d  t o  d e t e r m i n e  
t h e  d e p t h  d i s t r i b u t i o n  o f  t h e  g e r m a n i u m  a t o m s  a n d  l a t t i c e  d i s o r d e r  i n  t h e  a l l o y s .  T h e  
s a m p l e s  w e r e  c l e a n e d  i n  H F  b e f o r e  a n a l y s i s .  A  t y p i c a l  R B S  s p e c t r u m ,  t a k e n  f r o m  s a m p l e  
H I  i m p l a n t e d  w i t h  4 0 0  k e V  G e +  t o  a  d o s e  o f  3 x l 0 16 G e + / e m 2 ( s e e  t a b l e  4 . 1 ) ,  i s  s h o w n  
i n  f i g u r e  4 . 1 3 .  I n  t h i s  f i g u r e ,  c u r v e  ( a )  is  t h e  n o n  c h a n n e l l e d  s p e c t r u m  r e c o r d e d  a f t e r  
r e g r o w t h  a t  7 0 0  ° C  , c u r v e  ( b )  is  t h e  [ 0 0 1 ]  c h a n n e l l e d  s p e c t r u m  b e f o r e  r e g r o w t h  a n d  c u r v e  
( c )  is  t h e  [001] c h a n n e l l e d  s p e c t r u m  a f t e r  r e g r o w t h .
T h e  g e r m a n i u m  s i g n a l  i s  l o c a t e d  b e t w e e n  c h a n n e l  n u m b e r s  3 0 0  a n d  3 9 5 ,  w h i l s t  t h e  
s i l i c o n  s i g n a l  f o r m s  t h e  c o n t i n u o u s  s p e c t r a  b e l o w  c h a n n e l  2 8 5 .  T h e  c o m p l e t e  s e p a r a t i o n
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2 4 0 0  T™ ifcp
Depth (nm)
8 0 0  4 0 0 0
I S i
1200-o
0 Depth (nm)
C  4 0 0  0
0
8 0 2 6 0
Channel N u m b e r
4 4 0
F i g u r e  4 . 1 3 :  R B S  s p e c t r a  f r o m  s a m p l e  HI, i m p l a n t e d  w i t h  4 0 0  k e V  G e +  t o  a  d o s e  o f  3 x l 0 16 
G e + / c m 2 (s e e  t a b l e  4 . 1 ) .  C u r v e  a: n o n - c h a n n e l e d  b e f o r e  a n d  a f t e r  r e g r o w t h  ( 7 0 0 ° C ) .  C u r v e  b: 
c h a n n e l e d  a s - i m p l a n t e d .  C u r v e  c :  c h a n n e l e d  a f t e r  r e g r o w t h .
o f  t h e  t w o  s i g n a l s  is  d u e  t o  t h e  l a r g e  m a s s  d i f f e r e n c e  b e t w e e n  s i l i c o n  a n d  g e r m a n i u m .  
M o r e o v e r ,  b e c a u s e  o f  t h e  l a r g e  Z G e/^ si  r a t i o ,  t h e  g e r m a n i u m  y i e l d  is  s u f f i c i e n t l y  h i g h  t o  
b e  e a s i l y  d e t e c t e d ,  d e s p i t e  t h e  r e l a t i v e l y  l o w  g e r m a n i u m  c o n c e n t r a t i o n  i n  t h e  a l l o y .  I n  
s o m e  s a m p l e s  w h i c h  w e r e  n o t  c l e a n e d  i n  H F  b e f o r e  a n a l y s i s ,  a  s i g n a l  f r o m  o x y g e n  h a s  
a l s o  b e e n  d e t e c t e d ,  c e n t r e d  o n  c h a n n e l  1 7 0  ( s e e  f o r  e x a m p l e  f i g u r e  5 . 1 3 ) .  T h i s  is  d u e  t o  
a  t h i n  s u r f a c e  l a y e r  o f  S i 0 2 f o r m e d  d u r i n g  a n n e a l i n g .  T h e  y i e l d  d e f i c i e n c y  i n  t h e  s i l i c o n  
s i g n a l  s e e n  i n  c u r v e s  ( a )  a n d  ( b )  b e t w e e n  c h a n n e l s  2 0 0  a n d  2 7 0  is  d u e  t o  t h e  i n c l u d e d  
g e r m a n i u m  a t o m s  w i t h i n  t h e  s i l i c o n  m a t r i x .  T h e  e n e r g y  t o  d e p t h  c o n v e r s i o n  h a s  b e e n  
m a d e  a s s u m i n g  a  b u l k  s i l i c o n  s a m p l e ,  u s i n g  t h e  f o l l o w i n g  e q u a t i o n  [ 2 3 4 ] :
w h e r e  g  is  t h e  s y s t e m  r e s o l u t i o n  ( ~  3  k e V / c h a n n e l ) ,  N  is  t h e  t a r g e t  a t o m i c  d e n s i t y  ( 5 x l 0 22 
a t . / c m 3 i n  o u r  c a s e )  a n d  [e ] ( g i v e n  i n  10 -15  e V  c m 2/ a t o m )  is  t h e  s t o p p i n g  c r o s s  s e c t i o n
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f a c t o r ,  w h i c h  is  d e f i n e d  a s
w h e r e  #1 a n d  #2 a r e  t h e  i n c i d e n c e  a n d  s c a t t e r i n g  a n g l e ,  r e s p e c t i v e l y ,  E q i s  t h e  e n e r g y  o f  
t h e  H e +  b e a m ,  K  i s  t h e  k i n e m a t i c  f a c t o r  a n d  e is  t h e  s t o p p i n g  c r o s s  s e c t i o n .  F r o m  t h e  
e x p e r i m e n t a l  s e t u p  u s e d  i n  t h i s  w o r k  a n d  t h e  v a l u e s  o f  K  a n d  e  e x t r a c t e d  f r o m  a p p r o p r i a t e
t a b l e s  [ 2 3 5 ]  i t  i s  f o u n d  t h a t  A x  =  5 . 5 4 7  n m / c h a n n e l .  I f  t h e  a c t u a l  c o m p o s i t i o n  o f  t h e
t a r g e t  is  t a k e n  i n t o  a c c o u n t ,  t h e n  t h e  s t o p p i n g  c r o s s  s e c t i o n  is  g i v e n  b y  t h e  f o l l o w i n g  
r e l a t i o n  [ 2 3 4 ] :
eSh-xGex = ( l - x) eSi +  x gGe (4 1 q)
a n d  t w o  d i f f e r e n t  d e p t h  s c a l e s  a r e  o b t a i n e d  f o r  s i l i c o n  a n d  g e r m a n i u m ,  r e s p e c t i v e l y .  H o w ­
e v e r ,  c o n s i d e r i n g  t h e  g e r m a n i u m  c o n t e n t  i n  t h e  S i G e  a l l o y s  s t u d i e d  i n  t h i s  w o r k ,  t h e  e r r o r  
i n  t h e  e n e r g y  t o  d e p t h  c o n v e r s i o n ,  w h e n  t h e  b u l k  s i l i c o n  a p p r o x i m a t i o n  is  u s e d ,  i s  a l ­
w a y s  le s s  t h a n  1 0 % .  F o r  e x a m p l e ,  f o r  a  S io .9G e 0 . i  a l l o y ,  i t  is  f o u n d  t h a t  ( A x )si  =  5 . 4 7 6  
n m / c h a n n e l  a n d  ( A x ) o e =  5 . 1 1 8  n m / c h a n n e l .  T h i s  l e v e l  o f  u n c e r t a i n t y  d o e s  n o t  a f f e c t  
t h e  c o n c l u s i o n s  d r a w n  a n d ,  t h u s ,  f o r  s i m p l i c i t y ,  d a t a  r e d u c t i o n  h a s  b e e n  m a d e  a s s u m i n g  
a  s i l i c o n  s a m p l e .  T h e  d e p t h  s c a l e s  p l o t t e d  i n  f i g u r e  4 . 1 3  h a v e  b e e n  d e t e r m i n e d  f o l l o w i n g  
t h i s  m e t h o d .
T h e  t o t a l  n u m b e r  o f  g e r m a n i u m  a t o m s  p e r  u n i t  a r e a  ( N t )  ( “ r e t a i n e d  d o s e ” )  c a n  b e  
d i r e c t e l y  e x t r a c t e d  f r o m  t h e  R B S  s p e c t r a  u s i n g  t h e  f o l l o w i n g  e q u a t i o n  [ 2 3 4 ] :
Y  =  Q ( N t ) t t Q ( 4 . 1 1 )
w h e r e  Y  is  t h e  t o t a l  y i e l d  o f  t h e  g e r m a n i u m  s i g n a l ,  Q is  t h e  n u m b e r  o f  H e +  i o n s  a r r i v e d  o n  
t h e  t a r g e t ,  N  is  t h e  a t o m i c  v o l u m e  d e n s i t y  o f  t h e  t a r g e t ,  t is  t h e  t a r g e t  t h i c k n e s s ,  <r i s  t h e
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s c a t t e r i n g  c r o s s  s e c t i o n  a n d  Q  is  t h e  d e t e c t o r  s o l i d  a n g l e .  D u e  t o  e r r o r s  ( s e e  s e c t i o n  4 . 2 . 1 )  
i n  t h e  m e a s u r e m e n t  o f  t h e  H e +  b e a m  c u r r e n t  ( a n d  h e n c e  Q ) ,  t h e  r e t a i n e d  g e r m a n i u m  
d o s e  h a s  b e e n  o b t a i n e d  i n  t h i s  w o r k  u s i n g  t h e  s i l i c o n  s u r f a c e  s i g n a l  a s  a  r e f e r e n c e  s i g n a l .  
T h e  e r r o r s  i n  t h e  v a l u e  o f  t h e  r e t a i n e d  d o s e  a r e  d u e  t o  s e v e r a l  e f f e c t s ,  s u c h  a s  u n c e r t a i n t y  
i n  t h e  s y s t e m  r e s o l u t i o n ,  s c a t t e r i n g  c r o s s  s e c t i o n ,  e n e r g y  c a l i b r a t i o n  p u l s e  a n d  p i l e - u p  
e f f e c t .  I n  o u r  c a s e  t h e  o v e r a l l  e r r o r  h a s  b e e n  e s t i m a t e d  t o  b e  ± 4 % .  T h e  e x p e r i m e n t a l l y  
d e t e r m i n e d  r e t a i n e d  g e r m a n i u m  d o s e s  a r e  c o m p a r e d  w i t h  t h e  n o m i n a l  d o s e s  i n  t a b l e  4 . 7 .  
I n  s u b s e q u e n t  c h a p t e r s ,  t h e  m e a s u r e d  r e t a i n e d  d o s e  w i l l  b e  q u o t e d .
Sample Energy Nominal dose Measured dose
no. (keV) (Ge+ /cm2) (Ge+ /cm2)
LI 70 2.3el6 (1.4±0.06)el6
L2 70 3.5el6 (4.0±0.16)el6
M l 140 4.2el6 (3.8±0.15)el6
M 2 150 2el5 (2.0±0.08)el5
M 3 200 2el7 (2.2±0.09)el7
H I 400 3el6 (3.0±0.12)el6
H2 400 5el6 (6.3±0.25)el6
H3 400 7el6 (8.3±0.33)el6
H4 400 9el6 (1.0±0.04)el7
T a b l e  4 . 7 :  G e r m a n i u m  r e t a i n e d  d o s e s ,  m e a s u r e d  b y  R B S  a n a ly s is .
W i t h  r e f e r e n c e  t o  f i g u r e  4 . 1 3 ,  t h e  s i l i c o n  y i e l d ,  b e l o w  c h a n n e l  2 8 0 ,  h a s  b e e n  u s e d  t o  
s t u d y  t h e  c r y s t a l l i n e  q u a l i t y  o f  t h e  s a m p l e s  b e f o r e  a n d  a f t e r  r e g r o w t h .  T h e  c r y s t a l l i n e  
q u a l i t y  is  d e s c r i b e d  b y  t h e  d i s o r d e r  p a r a m e t e r  ( % ) ,  d e f i n e d  a s  t h e  r a t i o  o f  t h e  y i e l d  i n  
t h e  c h a n n e l l e d  s p e c t r u m  ( 1 0  ( c u r v e s  “b” a n d  “c” i n  f i g u r e  5 . 1  b e f o r e  a n d  a f t e r  r e g r o w t h ,  
r e s p e c t i v e l y )  t o  t h e  y i e l d  i n  t h e  n o n - c h a n n e l l e d  s p e c t r u m  (Yn) ( c u r v e  “ a ” ) .  A s  ( 1 0  < C
( 1 0 ) ,  t h e  m a j o r  c o m p o n e n t  i n  t h e  t o t a l  e r r o r  i n  x  ls due  t o  t h e  e r r o r  i n  t h e  v a l u e  o f  t h e
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c h a n n e l l e d  y i e l d  ( K c) . T h e  d i s o r d e r  p a r a m e t e r  m e a s u r e d  a t  t h e  s u r f a c e  o f  t h e  s a m p l e  is  
d e f i n e d  a s  ( x m m ) -
4.4.4 Secondary ion mass spectroscopy
S e c o n d a r y  I o n  M a s s  S p e c t r o s c o p y  ( S I M S )  w a s  u s e d  t o  q u a n t i f y  t h e  c a r b o n  a n d  o x y g e n  
c o n c e n t r a t i o n - d e p t h  p r o f i l e s  i n  s a m p l e  D l - a  ( s e e  t a b l e  4 . 6 ) ,  i m p l a n t e d  w i t h  7 0  k e V  G e +  
i o n s ,  a s  t h e s e  p r o f i l e s  c o u l d  n o t  b e  d e t e r m i n e d  w i t h  a d e q u a t e  p r e c i s i o n  b y  R B S .  S I M S  
w a s  p e r f o r m e d  u s i n g  a  C a m e c a  I M S 4 F  s y s t e m  a t  D R A ,  M a l v e r n  ( U K ) .  T h e  p r i m a r y  i o n  
w a s  C s + .
S I M S  a n a l y s i s  w a s  a l s o  p e r f o r m e d  o n  s a m p l e  E O R - 4  ( s e e  t a b l e  4 . 5 )  t o  d e t e r m i n e  t h e  
c a r b o n  c o n c e n t r a t i o n  p r o f i l e .  F o r  t h i s  e x p e r i m e n t ,  S I M S  w a s  p e r f o r m e d  b y  E v a n s  E u r o p a  
L t d . ,  U x b r i d g e  ( U K ) ,  u s i n g  a  C a m e c a  I M S 3 F  s y s t e m .
C h a p t e r  5
R e s u l t s
5 . 1  I n t r o d u c t i o n
I n  t h i s  c h a p t e r  w e  r e p o r t  s t r u c t u r a l  s t u d i e s  o f  i o n  b e a m  s y n t h e s i s e d  S i G e  a l l o y s .  T E M  
a n a l y s i s  o f  t h e  c r y s t a l l o g r a p h i c  d e f e c t s  f o r m e d  i n  s a m p l e s  f a b r i c a t e d  u n d e r  d i f f e r e n t  c o n d i ­
t i o n s  w i l l  b e  r e p o r t e d  i n  a l l  s e c t i o n s .  A d d i t i o n a l l y ,  R B S  a n d  X R D  a n a l y s e s  f r o m  s e l e c t e d  
s a m p l e s  a r e  r e p o r t e d  t o  p r o v i d e  c o m p l e m e n t a r y  d a t a .
5 . 2  S t r u c t u r a l  s t u d i e s  i n  G e + - i m p l a n t e d  s a m p l e s
T h i s  s e c t i o n  is  d i v i d e d  i n  f i v e  p a r t s .  I n  s e c t i o n  5 . 2 . 1  a  s t u d y  o f  t h e  i m p l a n t e d  g e r m a n i u m  
p r o f i l e s  is  p r e s e n t e d ,  b e f o r e  a n d  a f t e r  a n n e a l i n g .  T h e  c h a r a c t e r i s a t i o n  o f  t h e  p r i m a r y  
d a m a g e  i n  a s - i m p l a n t e d  s a m p l e s  w i l l  b e  p r e s e n t e d  i n  s e c t i o n  5 . 2 . 2 .  S e c t i o n s  5 . 2 . 3  a n d  
5 . 2 . 4  c o n t a i n  r e s u l t s  f r o m  s t r u c t u r e s  r e g r o w n  a t  7 0 0 ° C .  I n  s e c t i o n  5 . 2 . 5  r e s u l t s  w i l l  b e  
p r e s e n t e d  f r o m  s a m p l e s  s u b j e c t e d  t o  a  d o u b l e  t h e r m a l  p r o c e s s  ( S P E G  a t  7 0 0 ° C  +  a n n e a l  
a t  1000° C ) .
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5 .2 .1  Ge profiles
5 . 2 . 1 . 1  A s - i m p l a n t e d  s a m p l e s
T h e  g e r m a n i u m  d e p t h  d i s t r i b u t i o n s  i n  t h e  i m p l a n t e d  s a m p l e s  h a v e  b e e n  d e t e r m i n e d  b y  
R B S  a n a l y s i s .  F i g u r e  5 . 1 ( a - d )  s h o w s  R B S  s p e c t r a  f r o m  s a m p l e s  H I  ( a - b )  a n d  H 4  ( c -  
d ) ,  i m p l a n t e d  w i t h  4 0 0  k e V  G e +  t o  a  d o s e  o f  3 x l 0 16 G e + / c m 2 a n d  l x l O 17 G e + / c m 2 , 
r e s p e c t i v e l y  ( s e e  t a b l e  4 . 7 ) ,  b o t h  b e f o r e  S i +  i m p l a n t a t i o n  ( f i g u r e s  5 . 1  ( a )  a n d  ( c ) )  a n d  
a f t e r  S i +  i m p l a n t a t i o n  ( f i g u r e s  5 . 1  ( b )  a n d  ( d ) ) .  T h e  s i g n a l  b e t w e e n  c h a n n e l s  2 8 0  a n d  
4 0 0  h a s  b e e n  u s e d  t o  d e t e r m i n e  t h e  g e r m a n i u m  c o n c e n t r a t i o n - d e p t h  p r o f i l e s .  T h e  d e p t h  
d i s t r i b u t i o n  p a r a m e t e r s ,  s p e c i f i c a l l y  t h e  p r o j e c t e d  r a n g e ,  t h e  p r o j e c t e d  s t a n d a r d  d e v i a t i o n  
a n d  t h e  p e a k  g e r m a n i u m  c o n c e n t r a t i o n ,  h a v e  b e e n  o b t a i n e d  f r o m  t h e  n o n - c h a n n e l l e d  
s p e c t r a  ( c u r v e s  “ 1 ”  i n  f i g u r e  5 . 1 )  u s i n g  t h e  s i m u l a t i o n  p r o g r a m  S Q U E A K I E  [ 2 3 6 ] .  T h e  
c a l c u l a t e d  4 0 0  k e V  g e r m a n i u m  p r o f i l e s  a r e  s h o w n  i n  f i g u r e  5 . 2  f o r  s a m p l e s  H I  t o  H 4. T h e  
r e s u l t s  o f  t h e  S Q U E A K I E  a n a l y s i s  i n  t e r m s  o f  t h e  f i r s t  t w o  m o m e n t s  o f  t h e  d i s t r i b u t i o n  
f o r  a l l  s a m p l e s  a r e  s u m m a r i s e d  i n  t a b l e  5 . 1 .  T h e  r e t a i n e d  d o s e s  h a v e  b e e n  d e t e r m i n e d  
u s i n g  t h e  R B S  d a t a  ( s e e  s e c t i o n  4 . 4 . 3 ) .
T h e  e r r o r s  i n  t h e  v a l u e s  o f  t h e  g e r m a n i u m  p e a k  c o n c e n t r a t i o n  a r e  d u e  t o  t h e  u n c e r ­
t a i n t y  i n  t h e  v a l u e s  o f  t h e  r e t a i n e d  d o s e s  ( ±  4 % ,  s e e  s e c t i o n  4 . 4 . 3 ) .
F i g u r e  5 . 3  s h o w s  a  c o m p a r i s o n  b e t w e e n  t h e  ’’ s m o o t h e d ”  e x p e r i m e n t a l  g e r m a n i u m  p r o ­
f i l e  i n  s a m p l e  H 4 ( c f r .  s o l i d  l i n e  i n  f i g u r e  5 . 2 ) ,  i m p l a n t e d  w i t h  l x l O 17 G e + / c m 2 a t  a n  
e n e r g y  o f  4 0 0  k e V ,  a n d  t h e  g e r m a n i u m  p r o f i l e s  c a l c u l a t e d  u s i n g  t a b u l a t e d  d i s t r i b u t i o n  
m o m e n t s  ( G i b b o n s  e t  a l .  [ 2 2 5 ] ) ,  b a s e d  o n  t h e  L i n d h a r d - S c h a r f f - S c h i o t t  ( L S S )  t h e o r y  
[ 2 3 7 ] ,  a n d  M o n t e  C a r l o  s i m u l a t i o n  p r o g r a m s  ( T R I M  [ 2 2 4 ]  a n d  P D Y N  [ 2 3 8 ] ) .  T h e  d i s t r i ­
b u t i o n  m o m e n t s  e x t r a c t e d  f r o m  t h e  v a r i o u s  p r o f i l e s  a r e  l i s t e d  i n  t a b l e  5 . 2 .  I t  is  o b s e r v e d
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Figure 5.1: RBS spectra from samples Hl(a-b) and H4 (c-d), implanted with 400 keV Ge+ (see 
table 4.7). (a), (c): without post-amorphisation. (b), (d): with post-amorphisation. Curves 
“1” : non-channelled before and after regrowth. Curves “2” : channelled as-implanted. Curves 
“3” : channelled after regrowth.
Sample
110.
Energy
(keV)
Retained Dose 
(Ge+ /c.m2)
Projected 
range (nm)
Straggle
(11111)
Peak Ge 
conc. (at.%)
LI 70 1.4el6 30 27 4.4+0.2
L2 70 4.0c 16 30 33 11.4+0.45
M l 140 3.8el6 72 43 7.0+0.3
M 2 150 2.0el5 ----- ------ ------
M 3 200 2.2el7 107 75 24.0+1
H I 400 3.0el6 258 95 2.3+0.1
H2 400 6.3el6 252 95 4.9+0.2
II3 400 8.3el(j 249 96 6.3+0.25
H4 400 1.0el7 245 97 7.8+0.3
Table 5.1: Germanium implant, parameters extracted from RBS analysis.
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Depth (Ang.)
Figure 5.2: Germanium depth distribution in samples HI to H4, implanted with 400 keV Ge+ 
(see table 5 ! )  extracted from RBS data.
t h a t  t h e  s k e w n e s s  o f  t h e  e x p e r i m e n t a l  c u r v e  is  o n l y  0 . 0 3 5 ,  w i t h  n o  d e t e c t a b l e  b u i l d - u p  o f  
g e r m a n i u m  a t  t h e  s u r f a c e .
T h e  L S S  g a u s s i a n  p r o f i l e  i n  f i g u r e  5 . 3  h a s  b e e n  p l o t t e d  u s i n g  o n l y  t h e  f i r s t  t w o  c a l c u ­
l a t e d  m o m e n t s  [ 2 2 5 ] ,  w h i l e  t h e  j o i n e d  h a l f - g a u s s i a n  d i s t r i b u t i o n  h a s  b e e n  p l o t t e d  t a k i n g  
i n t o  a c c o u n t  t h e  s k e w n e s s  ( 0 . 3 3 4 )  a n d  f o l l o w i n g  t h e  m e t h o d  s u g g e s t e d  b y  G i b b o n s  [ 2 2 5 ] .  
I n  b o t h  c a s e s  t h e  c o m p u t e r  c a l c u l a t i o n s  o f  t h e  p r o j e c t e d  s t a n d a r d  d e v i a t i o n  ( t a b l e  5 . 2 )  a r e  
a l m o s t  3 0 %  s m a l l e r  t h a n  t h e  e x p e r i m e n t a l  v a l u e ,  w h i c h  is  r e f l e c t e d  i n  t h e  h i g h e r  v a l u e s  o f  
t h e  g e r m a n i u m  p e a k  c o n c e n t r a t i o n  s h o w n  i n  f i g u r e  5 . 3  ( 1 0 . 5  a t . %  r a t h e r  t h a n  t h e  m e a ­
s u r e d  v a l u e  o f  7 . 5  a t . % ) .  A  b e t t e r  a g r e e m e n t  w i t h  t h e  e x p e r i m e n t a l l y  m e a s u r e d  p r o f i l e  is  
f o u n d  w h e n  M o n t e  C a r l o  s i m u l a t i o n s  a r e  u s e d .  I n d e e d ,  t h e  d i f f e r e n c e  b e t w e e n  t h e  v a l u e s  
o f  t h e  m e a s u r e d  a n d  c a l c u l a t e d  p r o j e c t e d  s t a n d a r d  d e v i a t i o n  is  w i t h i n  t h e  e x p e r i m e n t a l  
e r r o r  f o r  b o t h  T R I M 9 1  a n d  P D Y N  ( s e e  t a b l e  5 . 2 ) ,  a l t h o u g h  t h e y  a r e  b o t h  l o w e r  t h a n  
t h e  e x p e r i m e n t a l  v a l u e .  T h e  P D Y N  c a l c u l a t i o n  t a k e s  i n t o  a c c o u n t  t h e  s p u t t e r i n g  r a t e ,  
w h i c h  w a s  e s t i m a t e d  t o  b e  2 !  a t o m s / i o n  u s i n g  t h e  c o d e  S U S P R E  [ 2 3 9 ] .  A s  e x p e c t e d ,
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D e p th  (A u g . )
F i g u r e  5 . 3 :  G e r m a n i u m  i m p l a n t e d  p r o f i l e s  m e a s u r e d  b y  R B S  ( s o l i d  l i n e )  a n d  c a l c u l a t e d  u s in g  
s e v e r a l  m e t h o d s ,  f o r  s a m p l e  H4, i m p l a n t e d  w i t h  4 0 0  lc e V  G e +  t o  a  d o s e  o f  l x l O 17 G e + / c m 2 .
t h e  c a l c u l a t e d  p r o f i l e  is  s h i f t e d  t o w a r d s  t h e  s u r f a c e  w i t h  r e s p e c t  t o  t h e  c u r v e  o b t a i n e d  b y  
T R I M 9 1 ,  w h e r e  n o  s p u t t e r i n g  e f f e c t s  w e r e  c o n s i d e r e d ,  w h i l e  t h e  c e n t r a l  r e g i o n  o f  t h e  p r o ­
f i l e  s h o w s  a  “ f l a t ”  m a x i m u m  f r o m  2 4 0  n m  t o  3 0 0  n m .  H o w e v e r ,  t h i s  e f f e c t  is  n o t  o b s e r v e d  
i n  t h e  e x p e r i m e n t a l  c u r v e .  O n  t h e  o t h e r  h a n d ,  i t  h a s  t o  b e  n o t e d  t h a t  t h e  s p u t t e r i n g  r a t e  
e s t i m a t e d  b y  T R I M  is  o n l y  0 . 7  a t o m s / i o n .
Curves plotted in figure 5.3 Projected range 
(nm)
Proj. standard dev. 
(nm)
Skewness
Experimental (RBS) (245±17) (97±12) 0.035
Gaussian (Gibbons tables) 232 70 —
joined half-gaussians (Gibbons tables) 256 70 0.334
TRIM91 (no sputtering) 282 88 0.025
PDYN (with sputtering) 269 85 -0.024
T a b l e  5 . 2 :  G e r m a n i u m  d i s t r i b u t i o n  m o m e n t s  m e a s u r e d  b y  R B S  a n d  c a l c u l a t e d  u s i n g  s e v e r a l  
m e t h o d s ,  f o r  s a m p l e  H4, i m p l a n t e d  w i t h  4 0 0  k e V  G e +  t o  a  d o s e  o f  l x l O 17 G e + / c m 2 .
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5.2.1.2 Ge distribution after SPEG
From the similarities in the germanium signal in all spectra before and after regrowth,
shown in figure 5 !  (curves “1” and “2” , between channels 300 and 395), it is concluded
that the germanium profiles are unchanged, within experimental errors of ±4%, during
both the post-amorphisation step and the regrowth at 700°C. Similar results have been
obtained for samples implanted at lower energy and regrown under the same conditions.
Indeed, the diffusion length (V 2 D Q  for an anneal at 700°C for 20 min, is estimated
to be only 8xl0~3 nm, using the intrinsic diffusivity (Do) of germanium in silicon of
6.26xl05 cm2/sec [240], with an activation energy of 5.28 eV. No detectable changes in
the germanium profiles have been observed by RBS also after anneals at 1000°C for 10
min, although the calculated diffusion length in this case is 9.7 nm, which is similar in
magnitude to the system resolution (± 12 nm). In fact, when the initial germanium profile
  2
is taken into account, with a projected standard deviation (AR p ) due to the implantation 
process, the estimated profile shift ^yj(A~RP)2 +  2Dt  — A R p ^  due to diffusion is 0.5 nm 
for samples implanted with 400 keV Ge+, and increases to 1.7 nm for samples implanted 
with 70 keV Ge+. In both cases the predicted shift is lower than the system resolution. 
We conclude that it is adequate to use the PDYN code to predict the germanium profile 
both before and after SPEG.
5 .2 .2  Amorphous layers
Figures 5.1a and 5 !c  show the channelled and non channelled RBS spectra from samples 
HI and H4, implanted with germanium only. Before annealing, (curves “2”) the silicon 
yield between channels 190 and 285 in both samples is similar to the yield in the non
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channelled spectrum, from which we conclude that the implantation of 400 keV Ge+ ions 
to doses of 3xl016 and lxlO17 Ge+/cm2 results in the formation of an amorphous layer 
extending from the surface to a depth of (0.5±0.036) pm. A typical XTEM micrograph 
and electron diffraction pattern from sample HI is shown in figure 5.5a. It is found that 
a continuous amorphous layer of thickness (0.49+0.034) p m  exists with no evidence being 
found for the existence of microcrystalline inclusions larger than about 2.5 nm (see section 
4.4.1). The a/c interface roughness is about 6 nm. A XTEM micrograph of sample H4, 
implanted with lxlO17 Ge+/cm2, is shown in figure 5.5b, from which it is estimated that 
the thickness of the continuous surface amorphous layer is (0.47±0.033) pm. However, 
in this sample we find a highly damaged crystalline layer beneath the amorphous layer, 
which is evident in the dark field micrograph shown in figure 5.5c. This layer extends 
about 50 nm below the amorphous layer. The silicon below the damaged layer is found to 
be defect free and single crystal. The roughness of the interface between the amorphous 
layer and the damaged layer is about 9 nm.
Figure 5.4 shows RBS channelled spectra from three wafers implanted with the same 
dose and energy as sample H4, but with different values of average current density. From 
the high yield in the silicon signal below channel 280, similar to the yield in the non 
channelled spectrum (not shown), it is found that the thickness of the amorphous layer is 
estimated to be about 600 nm for the sample implanted at the lowest current density, and 
390 nm for the sample implanted at the intermediate current density, whilst incomplete 
amorphisation occurs for the sample implanted at the highest current density, for which 
the silicon yield is lower than the yield in the non channelled spectrum at all depths, 
which is confirmed by the low yield in the germanium signal above channel 280.
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Figure 5.4: RBS channelled spectra from three wafers implanted with 400 keV Ge+ ions to a 
dose of lxlO17 Ge+/cm2 (equivalent to sample H 4 ), at different values of current density.
a  J
I
Figure 5.5: (a) (220) bright field XTEM micrograph and diffraction pattern (inset) from sample 
H I ,  implanted with 400 keV Ge+ ions to a dose of 3xl016 Ge+/cm2, before regrowth, (b) (220) 
bright field XTEM micrograph from sample H 4 , implanted with 400 keV Ge+ ions to a dose of 
lxlO17 Ge+/cm2, before regrowth, (c) same sample as (b). (220) dark field.
The RBS channelled spectra recorded from samples H I  and H 4  after low temperature 
500 keV Si+ post-implantation to a dose of 6xl015 Si+/cm2 and before annealing are shown
in figures 5.1b and 5.Id, respectively (curves “2”). It is found that the sample has been
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amorphised to an adequate depth of ~1 pm. Figure 5.6 shows micrographs from these 
post-amorphised samples before regrowth. The XTEM micrograph from sample H 4  is 
shown in figure 5.6a. The transition from the amorphous to the crystalline phase is less 
abrupt than in the samples shown previously and takes place within a 30 nm wide layer, in 
which crystalline clusters and amorphous pockets coexist. The thickness of the amorphous 
layer, from the surface to the upper edge of the a/c transition region, is (988+69) nm. 
Figure 5.6b shows a XTEM micrograph from sample H l b ,  post-amorphised with a double 
Ge+ implant ((400+800) keV, (1+I)xl015 Ge+/cm2, see table 4.3). Again, a broad a/c 
transition region (~50 nm) is observed, rather than a sharp interface (see inset in figure 
5.6b).
Figure 5.6: X T E M  micrographs of post-amorphised samples, before regrowth, (a) sample H 4, 
post-amorphised with the “standard” procedure (500 keV Si+ to a dose of 6xl015 Si+ /cm 2 at 
L N T ). Bright field, (b) sample H l b ,  post-amorphised with (400+800) keV Ge+ to a dose of 
( 1 + I ) x l0 15 Ge+ /cm 2. Bright field. Inset: magnified dark field image of a /c  transition region.
The thicknesses of the amorphous layer determined from TEM micrographs are given 
in table 5.3, with the exception of sample M3, implanted with 200 keV Ge+, which was 
measured by RBS. For sample H 4 , the overall amorphous layer thickness is given as the 
sum of the measured thicknesses of the amorphous and damaged layers.
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In figure 5.7, the experimental values of the amorphous thicknesses listed in table 5.3 
are compared to the values predicted using the simulation program LUPIN [241], based 
on the critical damage energy density model [242].
Sample
no.
rtoi—i Energy
(keV)
Dose
(Ge+/cm2)
Amorph. 
thick, (nm)
LI Ge 70 1.4el6 108+8
L2 Ge 70 4.0el6 122+9
M l Ge 140 3.8el6 212+15
M3 Ge 200 2.2el7 301+36
HI Ge 400 3el6 492+34
H4 Ge 400 lel7 (473+51)±37
H lb Ge (400+800) (1+I)el5 779+55
“standard post-am.” Si 500 6el5 988+69
Table 5.3: Summary of the measurements of the amorphous thicknesses, obtained by TEM 
analysis.
A good correspondence between the measured and calculated values of the amorphous 
thicknesses is obtained assuming a critical value for the damage energy density (Ec) of 
5 eV/atom for the Ge+/Si system and 30 eV/atom for the Si+/Si system, in agreement 
with previous studies [243, 244, 245].
5 .2 .3  RBS and TEM analysis after SPEG at 700°C
High energy
Figure 5.1(a-d) shows RBS spectra from samples HI (a-b) and H4 (c-d), implanted 
with 400 lceV Ge+ to a dose of 3xl016 Ge+/cm2 and lxlO17 Ge+/cm2, respectively (see 
table 4.7), both before Si+ implantation (figures 5.1 (a) and (c)) and after Si+ implantation
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Figure 5.7: Comparison between experimental values of the amorphous thickness and calculated 
values used the simulation program LUPIN [241]
(figures 5 !  (b) and (d)). The value of Xmin (clr- section 4.4.3) for sample H I  without post- 
amorphisation (figure 5.1a) is (3.5±0.2) %, similar to that recorded from virgin bulk silicon 
where Xmin values are typically 3-4 % [246], indicating a good regrowth of the structure. 
In addition, the significant reduction of the germanium signal in the channelled spectrum 
after regrowth confirms that most of the germanium atoms occupy substitutional sites 
after regrowth. The channelled spectrum from this sample also shows a broad peak in the 
silicon signal (“A”) centred on channel 196, corresponding to a depth of about 0.5 pm, 
which is the depth, before regrowth, of the a/c interface. The value of Xmin for sample 
H 4  without post-amorphisation is (4.5T0.3) %, which is indicative of complete lattice 
regrowth but with the inclusion of lattice defects, which is also concluded from the rapid
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dechannelling rate. Again, a peak in the silicon signal (“A”) is observed at the depth 
of the former a/c interface, where the channelled yield is approximately 50% of the non 
channelled yield. Channelled spectra from the same samples after post-amorphisation 
and SPEG (curves “3” in figures 5.1b and 5.Id) show no evidence of the peak in the 
silicon signal around channel 196, suggesting an improvement of the crystalline quality. 
However, the higher silicon yield from sample H4 throughout the regrown layer, compared 
to sample HI, indicates a poorer crystalline quality of the regrown structure implanted 
with the higher Ge+ dose.
XTEM micrographs from samples HI to H4 are shown in figure 5.8, where micro­
graphs (a-d) and (e-h) are from samples without and with post-amorphisation, respec­
tively. All the samples which have not been post-amorphised (a-d) show a layer of ex­
tended defects located at a depth of about 0.5 p m  corresponding to the depth of the a/c 
interface produced by the Ge+ implant. These End Of Range (EOR) [39] defects are 
distributed within a layer of thickness of ~0.1 pm. It is observed that a high density of 
small size loops is formed (cfr. section 2.2.1). However, in the lower edge of the EOR de­
fect layer, where the defect density is significantly lower, it is possible to observe isolated 
dislocation loops, lying on {1 1 1} planes, with an average size of about 15 nm, as shown 
in figure 5.9.
V-shaped threading dislocations (“hairpin” dislocations) extending from the EOR de­
fect layer up to the surface are also shown in these micrographs. The “hairpin” dislocation 
density has been determined from plan view TEM for sample HI (see figure 5.8a) to be 
(l.l±0.4)xl08 disl/cm2 and is seen to increase with increasing implanted dose to values 
of the order of 1010 disl/cm2 (estimated from cross section TEM).
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Figure 5.8: X T E M  dark field micrographs from samples H I  to H 4 , implanted with 400 
eV Ge+ ions with different doses and regrown at 700°C for 20 min in N 2. (a-d) without
post-amorphisation. (e-h) with post-amorphisation. (a,e) 3xl01 6 Ge+ /cm 2. (b,f) 6.3xl016 
Ge+ /cm 2. (c,g) 8.3xl016 Ge+ /cm 2. (d,h) lx lO 17 Ge+ /cm 2.
Micrographs from samples which have been post-amorphised are shown in figure 
5.8(e-h). Micrographs (e) and (f), taken from samples HI and H2, respectively, show a 
deep band of EOR defects formed at a depth of about 1 pm, corresponding to the a/c 
interface resulting from the post-amorphisation step. Qualitative analysis of the cross 
section micrographs suggests that the density of the EOR defects is lower than in samples 
implanted with germanium only, where the a/c interface was at a depth of ~0.5 pm.
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Figure 5.9: Magnified weak beam dark field micrograph from the E O R  defect layer of sample 
H 2 , implanted with 400 keV Ge+ ions to a dose of 6.3xl016 Ge+ /cm 2.
Except for the EOR defects, no extended defects have been observed in these samples. 
Indeed, plan view analysis of sample H 2  also failed to reveal the presence of any extended 
defects (density < 105 disl/cm2).
In the sample implanted with 8.3xl016 Ge+/cm2 (H 3 , see figure 5.8(g)), a low density 
o f’’hairpin” dislocations, (1.5 ±  0.35)xl06 disl/cm2, is observed at a depth of about 0.25 
pm and extend up to the surface. This depth corresponds to the R p of the implanted 
Ge+ ions where the Ge concentration has a maximum experimental value of 6.3 at.% in 
this case. The density of the ’’hairpin” dislocations increases when the implanted dose 
is further increased to lxlO17 Ge+/cm2, as shown in figure 5.8(h), where the density is 
(1.5 ±  0.35)xl09 disl/cm2. Figure 5.10 shows two plan view TEM micrographs of samples 
H 3  and H 4  from which the dislocation density has been measured. Again, the “hairpin” 
dislocations in sample H 4  are formed at a depth corresponding to the R p of the implanted 
Ge+ ions where the Ge concentration has, in this sample, a maximum value of 7.8 at.%.
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Figure 5.10 : Plan view T E M  micrographs from samples H 3 (a) and H 4  (b), implanted with 
400 keV Ge+ ions to a dose of 8.3xl016 and lx lO 17 Ge+ /cm 2, respectively, post-amorphised and 
regrown at 700°C for 20 min in N 2.
As specified in section 4.3.1, selected samples from wafer H 4  have been post-amorphised 
under different conditions of dose and energy of the Si+ ions, in order to investigate the 
dependence of the formation of the relaxation defects on the post-amorphisation step. 
Figure 5.11 shows micrographs of sample H 4 , post-amorphised with 500 keV Si+ ions to 
a dose of 8xl015 Si+/cm+ (micrograph b), or with a double Si+ implant at (500+300) keV 
to a dose of (6+4)xl015 Si+/cm2 (micrograph c) and regrown at 700°C for 20 min. By 
comparison with the sample post-amorphised under the ”standard” conditions (500 keV, 
6xl015 Si+/cm2, micrograph a), it is observed that the formation of relaxation-induced 
” hairpin” dislocations is not visibly affected by the different conditions in which the post- 
amorphisation is carried out. We conclude that, provided complete amorphisation has 
been achieved, the germanium distribution alone determines whether relaxation defects 
are formed.
M e d i u m  energy
Figure 5.12a shows a micrograph from sample M l ,  implanted with 140 keV Ge+ to a 
dose of 3.8xl016 Ge+/cm2 and regrown at 700°C for 20 min. A band of EOR dislocation
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Figure 5 .1 1 :  X T E M  micrographs from sample H 4 , implanted with 400 keV Ge+ ions to a dose 
of lx lO 17 Ge+ /cm 2, post-amorphised under different conditions (see table 4.3 on page 76) and 
regrown at 700°C for 20 min. (a) “standard” conditions (500 keV Si+ , 6xl015 Si+ /cm 2). (b) 
sample H 4 a  (500 keV Si+ , 8xl015 Si+ /cm 2). (c) sample H 4 b  ((500+300) keV Si+ , (6+4 )x l015 
Si+ /cm 2).
loops is observed, which are centred at a depth of about 220 nm, corresponding to the 
depth of the a/c interface due to the germanium implant (see table 5.3 on page 103). No 
other extended defects have been observed in this sample. Unlike the samples implanted 
with 400 keV Ge+ without post-amorphisation (see figure 5.8(a-d)), no evidence for the 
nueleation of “hairpin” dislocations has been found. The RBS channelled spectrum from 
this sample is shown in figure 5.12b (solid line), where the peak in the silicon signal 
between channels 230 and 240 is located at the same depth as the EOR defects seen in 
TEM. The good crystalline quality of the regrown sample is confirmed by the low value 
of Xmin (3.4%). From the same figure, it is observed that the EOR-related peak is not 
observed in the post-amorphised sample (symbols) in agreement with the previous results. 
The oxygen peak observed in both samples and centred on channel 170 is due to a thin 
surface layer of Si02 (cfr. section 4.4.3).
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Figure 5 .12 : (a) X T E M  micrograph from sample M l ,  implanted with 140 keV Ge+ to a dose 
of 3.8xl016 Ge+ /cm 2 and regrown at 700°C for 20 min. (b) R B S < 1  0 0> channelled spectra 
from sample M l,  without (line) and with (symbols) post-amorphisation, after regrowth.
Low energy
Figure 5.13 shows RBS channelled spectra from samples LI (dashed line) and L2 (solid 
line), implanted with 70 keV Ge+ to a dose of 1.4xl016 Ge+/cm2 and 4xl016 Ge+/cm2, 
respectively, recorded after post-amorphisation and regrowth. The channelling data from 
sample LI indicate a Xmin of 4.1% and a low dechannelling rate. Figure 5.14a shows a 
XTEM micrograph in which EOR loops at a depth of ~1 pm are the only observable 
extended defects. On the other hand, the higher dechannelling rate and higher value of 
Xmin of 8.6% in L2 is indicative of a defective lattice in this sample. Indeed, besides 
the EOR defects at a depth of 1 pm, TEM analysis reveals the presence of a layer of 
crystallographic defects extending from the surface to a maximum depth of about 50 nm, 
as can be seen in figure 5.14b. The peak germanium concentration for this sample is 11.4 
at.%. A magnified image from the surface region of this sample shows that unlike the
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case of samples implanted with 400 keV Ge+, the extended defects include “V”-shaped 
stacking faults lying on {1 1 1} planes, with a density of the order of lxlO10 disl/cm2.
Channel Number
Figure 5 .13 : R B S < 1  0 0> channelled spectra from samples L I  (dashed line) and L 2 (solid line), 
implanted with 70 keV Ge+ to a dose of 1.4 xl016 Ge+ /cm 2 and 4xl016 Ge+ /cm 2, respectively, 
both with post-amorphisation and regrowth.
Figure 5 .14: X T E M  micrographs from samples implanted with 70 keV Ge+ to different doses, 
after post-amorphisation and regrowth, (a) sample L I ,  1.4 xl016 Ge+ /cm 2. (b) and (c) sample 
L 2 ,4 x l0 16 G e + /cm 2.
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5.2.4  Strain measurements after SPEG at 70(PC
Figure 5.15 shows (004) XRD rocking-curves from samples H 2 and H 4 (see table 4.1), 
implanted with 400 keV Ge+ to doses of 6.3xl016 Ge+/cm2 and lxlO17 Ge+/cm2, re­
spectively, after post-amorphisation and regrowth at 700°C for 20 min. The method of 
interpretation of XRD rocking curves has been described in section 4.4.2. From figure 
5.15 it is found that the angular separation (A9) between the peaks associated with the 
silicon substrate and the SiGe alloy layer (peaks “A” and “B”, respectively) is 350 arcsec 
for sample H 2 and 615 arcsec for sample H 4 , thus increasing with increasing germanium 
content. In both eases the measured rocking curves have clearly resolved interference 
fringes (labelled 1, 2, 3....), related to the layer thickness [231]. Thickness fringes have 
also been observed in rocking curves recorded from all other samples considered in this 
study, measured after post-amorphisation and regrowth at 700°C, with the exception of 
sample L I ,  implanted at 70 keV to a dose of 1.4xl016 Ge+/cm2. This aspect is discussed 
in chapter 6.
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Figure 5.15: (004) DCXRD rocking curves from samples H2 (a) and H4 (b) implanted with 
400 lceV Ge+ ions to a dose of 6.3xl016 and lxlO17 Ge+/cm2, respectively, post-amorphised and 
regrown at 700°C for 20 min in N2.
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In order to determine the perpendicular and parallel strains (exand ey, respectively) 
the X-ray yield has been measured from (004) symmetric and (113) asymmetric reflections 
(cfr. section 4.4.2, equations 4.1, 4.3 and 4.4 on pages 85-88). The measured values are 
listed in table 5.4 for all samples. It is noted that the ex values obtained in the two 
independent measurements are of the order of lxl0-3 or higher and are always very 
similar for each sample, while the parallel strain is always of the order of lxlO-4 or lower. 
The relaxation factor R  has also been calculated (cfr. section 4.4.2, using equation 4.7 on 
page 89) and the results are listed in table 5.4. It is observed that measurements taken 
from samples L2  and H 4 , with a peak germanium content of 11.4 at.% and 7.8 at.% 
(table 5.1), respectively, show a lower experimental error than those obtained from other 
samples, which all contain a lower germanium content (R < 5% and R  =  (1.4 ±  0.8)%, 
respectively).
Sample
no.
Energy
(keV)
Dose
(Ge+ /cm2)
ex (10~3) 
(0 0 4) Refl.
ex (10-3) 
(1 1 3} Refl.
en ( io -3)
{ 1 1 3 }  Refl.
Relax.
factor
LI 70 1.4el6 1.90 2.10 < 0.18 <  15%
L2 70 4.0el6 5.30 5.10 < 0.14 < 5%
M l 140 3.8el6 4.00 3.55 <  0.22 < 10%
M 3 200 2.2el7 8.70 — — —
H I 400 3.0el6 1.12 1.16 <  0.17 <  25%
H2 400 6.3el6 2.50 2.50 < 0.15 < 10%
H3 400 8.3el6 3.30 3.00 < 0.37 < 20%
H4 400 1.0el7 4.30 4.30 0.03+0.02 (1.4±0.8)%
Table 5.4: Perpendicular and parallel strain of post-amorphised samples after regrowth at 700°C  
for 20 min.
Figures 5.16a and 5.16b show (004) rocking curves recorded from sample M l, im­
planted with 140 keV Ge+ to a dose of 3.8xl016 Ge+/cm2, without post-amorphisation
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Figure 5.16 : (a) and (b): (004) D C X R D  experimental (solid lines) and simulated (dashed 
lines) rocking curves from sample M l,  implanted with 140 keV Ge+ ions to a dose of 3.8xl01() 
Ge+ /cm 2 without and with post-amorphisation, respectively, after regrowth at 700° C  for 20 min 
in N 2. ( c )  and (d): Strain profiles used to calculate the simulated rocking curves for the sample 
without post-amorphisaton and the one with post-amorphisation, respectively.
(a) and with post-amorphisation (b), after regrowth at 700°C. The non post-amorphised 
sample shows a complex set of thickness fringes, typical of multiple layers [231]. In this 
case computer simulations have been used to interprete the data. The simulated curves, 
obtained from the computer program HRS [233], are also plotted in figures 5.16a and 
5.16b. They have been displaced vertically to facilitate comparison with the experimental 
curves. The strain profiles used to calculate the simulated rocking curves for the sam­
ple without post-amorphisaton and the one with post-amorphisation are shown in figures
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5 !  6c and 5T6d, respectively. In the case of the post-amorphised sample (figure 5T6d) 
an almost symmetric gaussian strain profile (coincident with the implanted Ge+ profile) 
has been used to achieve a close match with the experimental curve. For the non post- 
amorphised sample (figure 5.16c) a second smaller strain profile centred at a depth of 
about 270 nm, is required to achieve a good match with the experimental data.
5.2.5  TEM and XRD analysis after a double thermal process (SPEG at 
70(PC +  anneal at 1000PC )
Figure 5.17 shows (004) XRD rocking-curves from samples H 2 and H 4 (see table 4.1), 
implanted with 400 keV Ge+ to doses of 6.3xl016 Ge+/cm2 and lxlO17 Ge+/cm2, respec­
tively, after post-amorphisation and SPEG at 700°C for 20 min followed by an anneal at 
1000°C for 10 min. For comparison, the correspondent curves recorded from the same 
samples after anealing at 700° only (also shown in figure 5.15) are included in the figure. 
Unlike the case of a single anneal step at 700°C, it is found that only sample H 2 shows 
thickness fringes between the silicon substrate peak (peak “A”) and the “SiGe peak” (la­
belled “B”), located at —360 arcsec. On the other hand, sample H 4  shows a flat intensity 
profile with a broad “SiGe peak” centred at about —590 arcsec. The absence of thickness 
fringes in the rocking curves has also been observed in samples L 2 , implanted with 70 
keV Ge+ to a dose of 4xl016 Ge+/cm2, and sample M 3, implanted with 200 keV Ge+ to 
a dose of 2.2xl017 Ge+/cm2 (not shown).
The perpendicular and parallel strains (e^and ey, respectively) in representative sam­
ples have been determined from (004) symmetric and (113) asymmetric reflections (cfr. 
section 4.4.2, equations 4.1, 4.3 and 4.4 on pages 85-88). The experimental values are 
listed in table 5.5 for all samples.
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Figure 5.17: (004) DCXRD rocking curves from samples H2 (a) and H4 (b) implanted with 400 
keV Ge+ ions to a dose of 6.3xl016 and lxlO17 Ge+/cm2, respectively, after post-amorphisation 
and double thermal process (SPEG at 700°C  + anneal at lOOO0©) (solid lines), or regrowth at 
700°C only (dashed lines).
Sample
no.
Energy
(lceV)
Dose
(Ge+/cm2)
ex (10- 3) 
(0 0 4) Refl.
ex (10- 3) 
{ 1 1 3 }  Refl.
ey (10- 3) 
{ 1 1 3 }  Refl.
Relax.
factor
L I 70 1.4el6 — — — —
L2 70 4.0el6 4.46 4.90 1.7+0.3 (48+5)%
M l 140 3.8el6 4.17 3.85 (0.02+ 0.01) (1+0.5)%
M 3 200 2.2el7 8.19 8.30 (7.95+0.2) (98+1)%
H I 400 3.0el6 1.19 1.30 <  0.17 <  20%
H 2 400 6.3el6 2.50 2.35 < 0.07 < 5 %
H 3 400 8.3el6 3.47 3.39 < 0.08 < 4 %
! H 4 400 1.0el7 4.17 4.16 (1.5+0.2) (50+5)%
Table 5.5: Perpendicular and parallel strain of post-amorphised samples after regrowth at 
(700+1000) °C for (20+10) min.
It is found that, within the experimental errors, the relaxation factor (R) remains 
unchanged (< 20%) for samples M l and HI to H3, while a relaxation of the elastic 
strain is observed for samples L2 and H4, with R  ~50% and sample M3 with a relaxation 
factor of 98%. It was seen in section 5.2.3 that samples L2 and H4 show extended defects 
after post-amorphisation and regrowth at 700°C, as shown in figures 5.14(b) and (c) and
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5.8(g). XTEM micrographs from these two samples (L2, H 4 ) after regrowth at 700°C 
and subsequent anneal at 1000°C are shown in figure 5.18. From figure 5.18a (sample L2) 
it is observed that a layer of extended defects (stacking faults) is located at a depth of 
(65±5) nm and extends up to the surface. In some regions (labelled “A” in figure 5.18a) 
stacking faults are nucleated at a depth of about 100 nm. In the case of regrowth at 
700°C, the same type of defects was observed in sample L2, but at a depth closer to the 
surface (~45 nm, see figure 5.14). TEM analysis of sample H 4  (shown in figure 5.18b) 
reveals the presence of long dislocations (2-5 pm), running parallel to the surface at a 
depth between 400 and 600 nm. Some of these dislocations are connected by a threading 
segment whilst others terminate by connection to a threading dislocation which extends 
up to the surface. Also shown in figure 5.18b is a layer of EOR dislocation loops at a 
depth of ~1 pm, corresponding to the thickness of the amorphous layer formed during 
the Si+ post-amorphisation step.
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Figure 5.18: XTEM micrographs from samples implanted with Ge+ ions at different energies 
and doses, after post-amorphisation and double thermal process (SPEG at 700°C + anneal at 
1000°Cj. (a) Sample L2, 70 keV 4xl016 Ge+/cm2. (b) Sample H4, 400 keV lxlO17 Ge+/cm2.
In order to determine if the defects observed in sample H 4  were a consequence of the
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double step anneal (700°C +  1000°) or due to an anneal at a high temperature (1000°C), 
selected samples from wafer H4 were analysed by XTEM after post-amorphisation and 
regrowth at temperatures ranging from 550°C to 1100°C, as detailed in table 4.2. The 
corresponding XTEM micrographs are shown in figure 5.19. For regrowth temperatures 
of 550°G, 600°C and 700°C (figures 5.19a, b and c, respectively), the crystallographic 
defects present in the regrown structures, namely the EOR defects at a depth of 1 p m  
plus the “hairpin” dislocations nucleated at the mean projected range of the germanium 
profile, show no detectable difference in their position (0.25 pm) nor density. Following 
regrowth at a temperature of 850°C, the size of the EOR dislocation loops is increased, 
while their density is decreased, suggesting that the coarsening process is active at this 
temperature. On the other hand, the “hairpin” dislocations are still unaffected by the 
higher temperature. Finally, in the sample annealed at 1100°C for 10 min (see figure 
5.19e) a complex network of dislocations is seen, which extends from a depth of about 
500 nm up to the surface. This structure is similar to that observed in the sample given a 
double anneal step (shown in figure 5.18b). Long dislocations parallel to the surface which 
are located at a depth of 500 nm are observed (feature “A” in micrograph 5.19e), however 
a high density of dislocations also extends up to the surface, although these exhibit an 
irregular behaviour.
Figure 5.20 shows a XTEM micrograph from sample M3, implanted with 200 keV 
Ge+ to a dose of 2.2xl017 Ge+/cm2 after post-amorphisation and a double step anneal 
(SPEG at 700°C +  anneal at 1000°C). It is found that a high density of dislocations (of 
the order of 10lo/cm2) nucleate at a depth of (200T15) nm with many extending up to 
the surface. The “threading” segments include both “hairpin” dislocations (labelled “A”
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Figure 5 .19 : X T E M  micrographs from sample H 4 , implanted with 400 keV Ge+ ions to a dose 
of lx lO 17 Ge+ /cm 2, after post-amorphisation and regrowth at different temperatures, (a) 550 °C  
150 min. (b) 600° C  120 min. (c) 700°<7 20 min. (d) 850°C  20 min. (e) 110 0 °C  10 min.
in the micrograph) as well as stacking faults (labelled “B”).
Figure 5.21a shows a XRD rocking curve from sample M l ,  implanted with 140 keV 
Ge+ to a dose of 3.8xl016 Ge+/cm2, without post-amorphisation, after a double step 
anneal (700°C +  1000°C). A XTEM micrograph from the same sample is shown in figure 
5.21b. A set of thickness fringes is observed in the XRD intensity profile, in contrast to 
the same sample after regrowth at 700°C (see figure 5.16a). A simulated curve [233] is also 
plotted in figure 5.21a, where a gaussian strain profile coincident with the implanted Ge+ 
profile has been used to closely match the experimental curve. The XTEM micrograph 
from this sample (figure 5.21b) shows that the sample does not contain any extended 
defects, with the exception of the EOR loops at a depth of 240 nm, with a larger mean
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Figure 5.20: XTEM micrograph from sample M3, implanted with 200 keV Ge+ ions to a dose 
of 2.2xl017 Ge+/cm2, after post-amorphisation and double thermal process (SPEG at 700°C + 
anneal at 1000°Cj.
size and a lower density compared to the same sample after regrowth at 700°C (see figure 
5.12a).
Figure 5.21: (a) (004) DCXRD experimental (solid line) and simulated (dashed line) rocking 
curves from sample M l, implanted with 140 keV Ge+ ions to a dose of 3.8xl016 Ge+/cm2, after 
double thermal process (SPEG at 700°C  + anneal at 1000°C). (b) XTEM micrograph from the 
same sample.
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5 .3  T E M  c h a r a c t e r i z a t i o n  o f  “ h a i r p i n "  d i s l o c a t i o n s
In the previous section it has been shown that ” hairpin” dislocations are formed in 
SiGe alloy layers synthesised by 400 keV Ge+ ion implantation, either ’’without” post- 
amorphisation (dislocations nucleated from the EOR defects, samples H I  to H 4) or 
’’with” post-amorphisation (dislocations nucleated from the R p of Ge, samples H 3 and 
H 4). In order to assess whether these are similar defects, we have undertaken plan view 
TEM analyses to determine and compare the crystallographic orientation and the Burgers 
vector of these extended defects.
Dislocation orientation
Figure 5.22(a-d) shows dark field plan view micrographs taken from samples H I  
without post-amorphisation (a), H 3 with post-amorphisation (b) and H 4 with post- 
amorphisation (c-d). The micrographs have been taken with the electron beam direction 
B close to the [0 0 1] zone axis and the diffracting plane vector g= <2 2 0>. It is seen 
from the figure that “hairpin” dislocations appear under two forms: “curved” dislocations 
(labelled “A”) and “straight” dislocations (labelled “B”). “Curved” dislocations consist 
of two lines (“arms”), each lying on one of the two { 1 1 0 }  planes perpendicular to the 
sample surface (0 0 1), where the arms are approximately orthogonal, so that four differ­
ent orientations are possible (see figure 5.22a). “Straight” dislocations also appear in one 
of the two { 1 1 0 }  planes perpendicular to the sample surface (0 0 1). They give strong 
contrast when the dislocation line is perpendicular to the diffracting plane vector g (see 
figures 5.22(b, c, d)). It is also observed from figures 5.22c and d that the length of the 
“straight” dislocations is about twice the length of each arm in a “curved” dislocation.
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Figure 5.22: Dark field P V T E M  micrographs of ”hairpin” dislocations from various samples 
implanted with 400 keV Ge+ ions, after regrowth at 700°C. B ~[0 0 1]. g= <2 2 0>. (a) sample 
HI (3xl016 Ge+ /cm 2) without post-amorphisation. (b) sample H3 (8.3xl016 Ge+ /cm 2) with 
post-amorphisation. (c) and (d): sample H4 (lx lO 17 Ge+ /cm 2) with post-amorphisation.
Figure 5.23(a-h) shows a set of weak beam, dark field plan view micrographs taken 
from a ’’curved” hairpin dislocation in sample H3 (see figure 5.8g), implanted with 400 
keV Ge+ to a dose of 8.3xl016 Ge+/cm2 and post amorphised. Micrographs (a-d) were 
taken by tilting the specimen around the [1 1 0] axis, using always the same diffracting 
plane vector (g=[2 2 0]). Micrographs (e-h) were taken by tilting the specimen around 
the [I 1 0] axis, while keeping g=[2 2 0].
It is observed that upon tilting, the dislocation arm perpendicular to the diffracting 
vector g (arm “A” in micrographs (a-d) and arm “B” in micrographs (e-h)) does not 
change its orientation, confirming that the two arms lie on {1 1 0} planes, while the 
other is seen to change its orientation, so that the angle between the two arms becomes 
smaller than the initial value of about 90°, when projected onto the viewing plane. For 
example, it is about 45° for B ~<1 1 3> (micrographs b and h). The crystallographic
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Figure 5.23: Weak beam dark field P V T E M  micrographs of a ”curved” hairpin dislocation 
from sample H 3 , implanted with 400 keV Ge+ ions to a dose of 8.3xl016 Ge+ /cm 2, after post- 
amorphisation and regrowth at 700°C, taken under different sample orientations, (a) B  ~[0 0 1]. 
(b) B  ~ [ 1  I  3]. (c) B  ~ [1  1 2]. (d) B  ~[3 3 4]. (e) B  -[ 0  0 1]. (f) B  ~ [ I  I  6]. (g) B  ~ [ I  I  4], 
(h) B  ~ [ I  1 3].
orientation of the “curved” hairpin dislocations has been determined by measuring the 
angle between the dislocation arms for various sample orientations and transposing the 
data onto a stereographic projection. The angle between the dislocation arms and the 
[0 0 1] direction has been found to be (21±3.5)°, indicating that they are oriented close 
to the <1 1 4> direction, whose angle with the [0 0 1] direction is 19.5°. This result is 
shown schematically in figure 5.24a.
A similar analysis has been performed on ’’hairpin” dislocations formed in samples 
” without” post-amorphisation. Figure 5.25(a-d) shows a set of weak beam, dark field 
plan view micrographs taken from ’’curved” hairpin dislocations in sample HI (see figure 
5.8a), implanted with 400 keV Ge+ to a dose of 3xl016 Ge+/cm2 without post amorphisa- 
tion. The micrographs were taken by tilting the specimen around the [1 1 0] axis, while
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Figure 5.24: Schematic representation of the crystallographic orientation of (a) ’’curved” and 
(b) ’’straight” hairpin dislocations.
keeping g=[2 2 0]. The high dislocation density in this sample allows the simultaneous 
analysis of “hairpin” dislocations with different relative inclinations. The angle between 
the dislocation arms and the [0 0 1] direction in this case has been found to be (22.5±4)°.
From this analysis we conclude that, within the experimental errors, “curved” hairpin 
dislocations in samples with and without post amorphisation are aligned in the same 
directions.
The crystallographic orientation of “straight” hairpin dislocations has been studied in 
sample H4 (see figure 5.8h), implanted with 400 keV Ge+ to a dose of lxlO1' Ge+/cm2 
with post amorphisation. Figure Figure 5.26(a-c) shows a set of weak beam, dark field plan 
view micrographs taken from this sample with the specimen tilted around the [110] axis 
and g=[2 2 0]. The orientation measurements have been carried out on dislocations lying 
on the {110}  plane which contains the tilting axis. These defects (arrowed in figure 5.26) 
show weak contrast and upon tilting appear as V-shaped dislocations. By measuring the
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Figure 5.25: Weak beam dark field P V T E M  micrographs of ”curved” hairpin dislocations from 
sample H I ,  implanted with 400 keV Ge+ ions to a dose of 3xl016 G e + /cm 2, after regrowth at 
700°C, taken under different sample orientations, (a) B  ~[0 0 1]. (b) B  ~ [ I  1 6]. (c) B  ~ [1  1 4]. 
(d) B  ~ [ I  1 2].
angle between the two arms and transposing the data onto a stereographic projection, it is 
found that these dislocations are inclined at (20.5±3.5)° with the [0 0 1] direction. Within 
the experimental errors, this value is the same as that determined for “curved” hairpin 
dislocations. The spatial orientation of the “straight” hairpin dislocations is presented 
schematically in figure 5.24b.
Burgers vector - Direction
Figure 5.27(a-c) shows a set of weak beam dark field micrographs of two “curved” 
hairpin dislocations from sample HI (see figure 5.8a), without post-amorphisation. The 
micrographs have been taken under different combinations of B and g. It is observed 
that, while the dislocation labelled ”A” is always visible in all three micrographs, the
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Figure 5.26: Weak beam dark field P V T E M  micrographs of ”straight” hairpin dislocations 
from sample H 4 , implanted with 400 keV Ge+ ions to a dose of 1x 10 17 Ge+ /cm 2, after post- 
amorphisation and regrowth at 700°C, taken under different sample orientations, (a) B  ~[0 0 1]. 
(b) B  ~ [1  1 4]. (c) B  ~ [1  I  2].
dislocation ”B” shows a weak residual contrast when g=[4 0 0] or [3 11]. Weak residual 
contrast (or “effective invisibility” [230], see section 4.4.1) has also been obtained from 
dislocation “A” under different diffraction conditions (not shown) as well as from other 
dislocations from the same sample, with up to four different cases of “effective invisibility” 
for a single dislocation. The Burgers vector b has been determined using the “g • b =  0 
effective invisibility criterion” [230] (see section 4.4.1). For the case of the dislocation 
shown in figure 5.27, b has been found to be oriented along the ±[0 1 1] direction, while 
the dislocation arms (ui and u2) are oriented along the [1 1 4] and the [1 1 4] directions, 
respectively. This result is schematically presented in figure 5.28a, where it has been 
assumed b = [0 1 1]. The dislocation is of mixed type with an angle (a) between the 
Burgers vector and the dislocation line of ~33°. The same relation between the Burgers 
vector and the dislocation arms has been found for “curved” hairpin dislocation in all four 
different orientations, as well as for “curved” dislocations observed in post-amorphised
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Figure 5.27: Weak beam dark field P V T E M  micrographs o f’’curved” hairpin dislocations from 
sample H I ,  implanted with 400 keV Ge+ ions to a dose of 3xl016 Ge+ /cm 2, after regrowth at 
700°C, taken under different imaging conditions, (a) B  ~[0 0 1], g=[2 2 0]. (b) B  ~[0 0 1] , 
g=[4 0 0]. (c) B  ~ [ I  I  2] , g=[3 I  1].
It was shown in figure 5.22(c-d) that “straight” hairpin dislocations are in an “effective 
invisibility” state, if g is parallel to the dislocation line. Other cases of “effective invisib­
ility” (not shown) have been obtained by orienting the electron beam close to <0 1 3> 
zone axes and using diffracting vectors (g) of the <3 3 1> type. Following this method, 
the Burgers vector of “straight” hairpin dislocations, in samples with and without post 
amorphisation, has been found to be always perpendicular to the { 1 1 0 }  plane con­
taining the dislocation line, as schematically shown in figure 5.28b. “Straight” hairpin 
dislocations are therefore pure edge type.
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Figure 5.28: Schematic representation of the crystallographic orientation of the Burgers vector 
for ”curved” (a) and ”straight” (b) hairpin dislocations.
Burgers vector - Intensity
Figure 5.29(a-b) shows two plan view micrographs and the respective diffraction pat­
terns of a “straight” hairpin dislocation (b=[l 1 0]) from sample H3 with post amorphi­
sation. Both micrographs have been taken with g=[2 2 0] and B=[0 0 1]. Micrograph
(a) has been taken under perfect Bragg conditions, as shown in the inserted diffraction 
pattern (s=0, see section 4.4.1), while micrograph (b) has been taken with s >0. In the 
first case, the dislocation image consists of a double line (micrograph a). A single line 
is instead observed in the second case (micrograph b). This behaviour is observed when 
g • b =  2 [230], from which it is concluded that the Burgers vector for this dislocation is 
}a< 1 1 0> (where a is the lattice parameter), that is a real lattice vector. If the same 
value of b is assumed for “curved” dislocations and with reference to figures 5.22c and d, 
where both “curved” and “straight” dislocations are present, it is found that, under the 
three imaging conditions, (i) g • b =  2 for the “straight” dislocations perpendicular to g,
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(ii) g • b =  1 for all the “curved” dislocations and (iii) g • b =  0 for all other “straight” 
dislocations, three different “levels” of intensity of the image should be detected. In­
deed, this corresponds to what is observed in figure 5.22c and d, where the “straight” 
dislocations perpendicular to g always show the strongest contrast. From these results it 
is concluded that all “hairpin” defects are perfect dislocations with a Burgers vector of 
|a<l 1 0> type
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Figure 5.29: P V T E M  micrographs and diffraction patterns of a ’’straight” hairpin dislocation 
from sample H 3 , implanted with 400 keV Ge+ ions to a dose of 8.3xl016 Ge+ /cm 2, after post- 
amorphisation and regrowth at 700°C, taken under perfect Bragg conditions (s=0) (a) and with 
s >0 (b).
In summary, it has been shown in this section that the “hairpin” dislocations observed 
under two different experimental conditions, namely in samples without and with a post- 
amorphisation step have the same crystallographic orientation and the same Burgers 
vector.
5 . 4  E x t e n d e d  d e f e c t s  in  s a m p l e s  c o - i m p l a n t e d  w i t h  
G e +  a n d  C +
It has been shown in the previous sections that whenever an amorphous layer is formed by 
ion implantation, the recrystallisation of the structure during annealing is always accom-
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panied by the formation of a layer of EOR dislocation loops at the depth of the former a/c 
interface. In addition, the synthesis of SiGe alloys by ion implantation results in the for­
mation of extended defects which is discussed in chapter 6, where the conclusion is reached 
that strain related defects nucleate when the implanted dose exceeds the critical value for 
strain relaxation. Results will be presented in this section, where C+ co-implantation has 
been employed to control the formation of both strain related defects (section 5.4.1) and 
EOR defects (section 5.4.2) during regrowth. Details of the implantation conditions have 
been presented in section 4.3.1, tables 4.4 and 4.5.
5 .4 .1  Strain related defects
The structures discussed in this section were co-implanted with Ge+ and C+ ions at 
different energies, so that the carbon distribution was coincident with the germanium 
distribution. XTEM micrographs from samples Hl-Ca, implanted with 2.6xl015 C+/cm2 
and 3xl016 Ge4/cm2, with and without post-amorphisation, after regrowth at 700°C for 
20 min, are shown in figure 5.30a and b, respectively. From the micrograph in figure 5.30a 
it is observed that a layer of EOR defects is located at a depth of about 0.5 p m  below the 
surface. This depth corresponds to the position of the a/c interface formed during the Ge+ 
implant. XTEM and RBS show that the depth of the a/c interface is not affected by the 
prior C+ implant. The thickness of the EOR defect layer is found to be (45+5) nm, lower 
than in sample HI (see figure 5.8a), implanted with Ge4 only ((85+7) nm), from which 
we conclude that the presence of carbon during the SPEG process reduces the EOR defect 
formation. No other extended defects were observed in sample H l-Ca, similar to sample 
HI, implanted with Ge4 only. Sample H l-C a after post-amorphisation and regrowth
(see figure 5.30b) shows a layer of deep EOR defects at a depth of 1 pm.
5.4. EXTENDED DEFECTS IN SAMPLES CO-IMPLANTED WITH GE+ AND C+ 131
1 pill
Figure 5.30: X T E M  micrographs from various samples implanted with 400 keV Ge+ ions 
and coimplanted with 110  keV C + ions, without (left column) and with (right column) post- 
amorphisation, after regrowth at 700°C. (a) and (b): sample H l - C a ,  3x l016 Ge+ /cm 2 +  
2.6xl015 C + /cm 2. (c) and (d): sample H 4 -C b , lx lO 17 Ge+ /cm 2 +  6xl015 C + /cm 2. (d) and 
(e): sample C b , 6xl015 C + /cm 2.
XTEM micrographs from sample H4-Cb, implanted with 6xl015 C+/cm2 and lxlO1' 
Ge+/cm2, with and without post-amorphisation, after regrowth at 700°C for 20 min, are 
shown in figure 5.30c and d, respectively. In contrast with the correspondent sample
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(H4), implanted with Ge+ only, which showed “hairpin” dislocations both before and 
after post-amorphisation (see figures 5.8d and h, respectively), no extended defects have 
been observed in sample H4-Cb, with the exception of the EOR dislocation loops located 
at a depth of 0.5 p m  in the non post-amorphised sample (figure 5.30c) and at a depth of 
1 p m  in the post-amorphised sample (figure 5.30d).
XTEM analysis of sample Cb, implanted with 6xl015 C+/cm2 only, before regrowth 
(not shown) indicates that a heavily damaged buried layer is formed with incomplete 
amorphisation. The regrown sample at 700°C, shown in figure 5.30e, shows a layer of 
dislocation loops centred on the projected range of the C+ ions and of width about 0.18 
pm. Figure 5.30f is a micrograph from sample Cb, after post-amorphisation and regrowth 
at 700°C. Again, the post-amorphised sample appears to be defect free, with the exception 
of the EOR dislocation loops located at a depth of 1 jum,
5.4 .2 Trapping of interstitial atoms
Figure 5.31 shows <1 0 0> RBS channelling spectra from samples M2, EOR-3 and 
EOR-4 (see table 4.5), after regrowth at 1000°G for 15 sec. The low yield of (3.1+0.2)% 
between channels 240 and 270 is similar to virgin silicon and confirms that good regrowth 
of the amorphous layers has occurred. There appears to be a marked increase in the 
channelled yield from channel 240 at a depth of 180 nm, which is marked ”D” in figure 
5.31a. Measured values of the damage parameter (%) are listed in table 5.6. In samples 
co-implanted with C+ this higher channelled yield reduces with increasing dose of C+ 
from (5.7+0.28)% for sample M2 down to (5.0+0.26)% for sample EOR-4, which both 
show similar Xmm values to virgin silicon. Increasing the carbon dose to 3xl015 C+/cm2
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(EOR-5) does not cause a further detectable reduction in the channelled yield.
Channel Number Channel Number
Figure 5.31: RBS <1 0 0> channelled spectra for samples M2, E O R - 3  and E O R - 4  (see 
table 4.5), implanted with 2xl015 Ge+/cm2 at 150 keV, without carbon (sample M 2 )  and with 
carbon (samples E O R - 3  and EOR-4). (a) With a non channelled spectrum from sample M2,
(b) Details of dechannelling at D at a depth of 180 nm.
Sample no. M 2 E O R -1 E O R -2 E O R -3 E O R -4
X at ch. 236 (”D”)
Xmin  at ch. 265 (”Below surf.”)
5.7%
3 .1%
5.9%
3.5%
5.74%
3.4%
5.29%
2.8%
5.0%
3.2%
Table 5.6: Channelled yield for samples M 2  and E O R - 1  to E O R - 4  at depth ”D” and below 
the surface peak.
XTEM investigation of sample M2, implanted with 2xl015 Ge+/cm2 at 150 keV (not 
shown), reveals a band of EOR dislocation loops at a depth of 175-200 nm which corre­
sponds to the depth of the feature ”D” in figure 5.31. Weak beam dark field plan view 
TEM micrographs from samples M2 and EOR-1 to EOR-5 are shown in figure 5.32 (a- 
f), while a summary of the TEM results is reported in table 5.7. The loop density (d), 
radius (r) and standard deviation (s) have been determined from a set of weak beam dark 
field plan view TEM micrographs in order to calculate the density on the self interstitials
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stored in the EOR loops (Nb in table 5.7) using [243],
N b =  d m  d 7r (r2 +  s2) (5 !)
where is the atomic density of the {1 1 1} planes (1.57xl015 at/cm2).
Figure 5.32: Weak beam dark field plan view TEM micrographs from samples M2 and EOR-1 
to EOR-5 (see table 4.5).
Sample no. C + dose (C+ /cm2)
loop density 
(disl/cm2)
loop radius 
(nm)
radius standard 
deviation (nm)
Nb (eq. 5 !)  
(at/cm2)
M 2 — 0.9el0 19 2.4 1.6el4
EOR-1 3el3 l.lelO 16 1.8 1.4el4
EOR-2 lel4 l!5 e l0 16 3 ! 1.5el4
EOR-3 3el4 1.4el0 11.4 2.2 lel4
EOR-4 lel5 >1.3el0 <8 2 >0.5el4
Table 5.7: Summary of the TEM results for samples M2 and EOR-1 to EOR-4.
It is observed from the table that the loop density in sample M 2 (no carbon) is 
9xl09 disl/cm2 whilst in samples EOR-1 and EOR-2 it is higher (see figure 5.32(a-c)). 
At the same time the mean radius of the loops decreases from the initial value of 19 nm
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(sample M2) to about 16 nm (samples EOR-1 and EOR-2), while the number of atoms 
stored in the dislocation loops (A0 does not vary appreciably.
For samples EOR-3 and EOR-4 the loop density increases up to about 1.4xl010 
disl/cm2 for both samples, while the mean radius of the loops decreases to 11 nm and less 
than 8 nm, respectively (see figure 5.32(d-e)). The number of atoms stored in the loops is 
now seen to have decreased to lxlO14 and 5xl013 atoms/cm2, respectively, which is lower 
than is found in samples EOR-1 and EOR-2, implanted with lower C+ doses. When 
the dose is further increased to 3xl015 C+/cm2 (sample EOR-5), new defects (identified 
by an arrow on figure 5.32f) are observed together with a few EOR loops. These defects 
are ’’hairpin” dislocations as shown in the cross section TEM micrograph of figure 5.33; 
they nucleate at the same depth as the EOR defects and extend towards the surface. The 
presence of ’’hairpin” dislocations introduces a larger uncertainty in the estimation of 
the loop population although analysis of the TEM images does show that the number of 
atoms trapped in the loops is further reduced below the value in sample EOR-4 (without 
’’hairpin” dislocations).
50 nm
Figure 5.33: XTEM dark field micrograph from sample EOR-5, implanted with 2xl015
Ge+/cm2 at 150 keV, followed by 3xl015 C+/cm2 at 65 keV and regrown at 1000°C for 15 s.
5.5. SYNTHESIS OF SI/SIGE/SI DEVICE STRUCTURES 136
5 .5  S y n t h e s i s  o f  S i / S i G e / S i  d e v i c e  s t r u c t u r e s
In this section RBS, TEM and SIMS results are presented from Si/SiGe/Si layered struc­
tures formed by Ge4 ion implantation plus Si deposition. Details of the samples are 
included in section 4.3.2 and table 4.6 on page 79.
Figure 5.34 shows RBS spectra from sample Dl-a, implanted with 70 keV Ge+ ions 
to a dose of 7xl015 Ge+/cm2, followed by the deposition of the silicon cap. In this figure, 
curve ”a” is a non channelled spectrum, curve “b” is a channelled spectrum after Si4 
amorphisation, and curve “c” is a channelled spectrum after regrowth at 700°C for 20 
min in flowing N2, without Si+ implantation. The germanium peak concentration is 
about (2.2+0.1) at.%. The channelled spectrum has a (Xmin)si of about (3.4+0.25)%, 
indicating the good crystalline quality of this annealed structure. The value of X g& is 
(2.7+0.2)%, and we conclude that most of the implanted Ge atoms occupy substitutional 
sites. Similar values for (Xmin)si and x.Ge are also obtained after post-amorphization and 
regrowth.
A XTEM micrograph from sample D l-a  is shown in figure 5.35a. Three different 
regions can be distinguished which are bounded by two lines of contrast located at depths 
of 210 nm and 335 nm below the surface, respectively. Region I is the deposited Si cap, 
which exhibits good crystalline quality, with no grown-in defects observed in this region.
The line of contrast, labelled A in figure 5.35a, located at a depth of 210 11111 below 
the surface is observed in all samples from the same wafer both before and after Si4 and 
C4 implantations. The same feature has been observed in samples from wafer D2 pre­
pared following the same procedure as wafer D l, except for the higher Ge+ implantation 
implantation energy (200 keV, see table 4.6).
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Figure 5.34: RBS spectra from sample Dl-a, implanted with 70 keV Ge+ to a dose of 
7xl015Ge+/cm2, after the Si cap layer deposition, (a) non channelled, after annealing; (b) 
channelled after Si+ implantation; (c) channelled, after annealing, without Si+ implantation.
Region II is the SiGe alloy layer. A band of dislocation loops is observed at a depth 
of (125±9) nm beneath the bulk/epi interface, which corresponds to the thickness of the 
amorphous layer created by the implantation of 70 keV Ge+. Therefore these dislocation 
loops are the EOR defects formed during the regrowth of the Ge+ implanted structure. 
EOR defects have also been observed at a depth of 260 nm below the bulk/epi interface 
in samples taken from wafer D2 (see table 4.6), which is consistent with the thickness of 
the amorphous layer formed during the Ge+ implantation at 200 keV. Region III is the 
Si substrate.
A XTEM micrograph of sample D l-a  after Si+ implantation and SPEG at 700°C is 
shown in figure 5.36a. It is found that after regrowth of the amorphous layer (see figure 
5.34, curve b) no trace can be seen of the original EOR loops at a depth of 335 nm. A 
new band of EOR defects is located beneath the a/c interface at a depth of about 1 pm.
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Figure 5.35: X T E M  micrographs from samples D l-a ( a ) , D l-b ( b ) , D l -c ( c )  and D l-d ( d )  
implanted with 70 keV Ge+ to a dose of 7xl015Ge+ /cm 2 plus 20 keV C + ions to different 
doses (see table 4.6), after the deposition of the Si cap layer and annealing at 700°C for 20 min.
Again, consistent data were generated during the analysis of samples from wafer D2.
A line of dark contrast, labelled B, is observed in figure 5.36a at the depth where 
the Ge-induced EOR were located; this line was also observed as background contrast in 
the layer of EOR defects shown in figure 5.35a. This feature has also been observed in 
micrographs from other samples taken from the same wafer. Samples from wafer D2 after 
post-amorphisation and regrowth also show a similar line of contrast at a depth of 260 
nm below the bulk/epi interface, where the Ge+-induced EOR defects were located. The 
SIMS concentration profiles for carbon, oxygen and germanium from sample D l-a  are 
shown in figure 5.37, where only relative amount of germanium are given. It is observed 
that both the carbon and the oxygen distributions exhibit two peaks. The first (labelled
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Figure 5.36: XTEM micrographs from samples Dl-a(a) and Dl-d(b) (see table 4.6), after Si+ 
post-amorphization and regrowth at 700°C for 20 min.
“A”) is located at a depth corresponding to the original sample surface, prior to the silicon 
deposition. The second (labelled ”B”) is located at a depth of 120 nm below the first 
peak, corresponding to the depth of the Ge+-induced EOR defects.
The effect of co-implanting Ge+ and C+ is shown by the sequence of XTEM micro­
graphs presented in figure 5.35b, c and d, obtained from samples D l-b , D l-c  and D l-d , 
respectively, after the implantation of 20 keV C+ ions to doses of 0.65, 1.3 and 1.95xl015 
C+/cm2, respectively, and annealed at 700°C for 20 min. The thickness of the Si cap layer 
varies from 210 nm (samples D l-a  and D l-b ) to about 70 nm (sample D l-d), due to 
some non-uniformity in the deposition process. It is seen in figure 5.35b that regrowth is 
unaffected by a low dose of 0.65xl015 C+/cm2. When the dose is increased to 1.3xl015
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Figure 5.37: SIM S profiles from sample D l - a  (see table 4.6), for Ge, C  and O.
C+/cm2 (sample Dl-c, figure 5.35c), twin boundaries are observed in the Si epi-layer, 
extending from the bulk/epi interface towards the surface. The density of these defects 
increases when the dose is further increased to 1.95xl015 C+/cm2, as shown in figure 
5.35d. The inserted diffraction pattern exhibits extra spots which signal the presence of 
twin boundaries.
Figure 5.36b shows a XTEM micrograph from sample Dl-d, implanted with the high­
est carbon dose, after Si+ post-amorphization and regrowth. As for sample Dl-a, the Ge- 
induced EOR defects are annihilated, moreover, the C-induced defects observed in figure 
5.35d are also absent, resulting in a defect-free single crystal Si/SiGe/Si heterostructure.
Figure 5.38 shows XTEM micrographs from sample D3-d (see table 4.6), implanted 
with 70 keV Ge+ ions to a dose of 2.5xl016 Ge+/cm2, after deposition of a silicon cap
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followed by regrowth at 700°C, with (figure 5.38b) and without (figure 5.38a) post- 
amorphisation.
it vi-^  *
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Figure 5.38: X T E M  micrographs from sample D 3 -d  (see table 4.6), implanted with 70 keV 
Ge+ ions to a dose of 2.5xl016 Ge+ /cm 2, after deposition of a silicon cap layer by C V D  and 
regrowth at 700°C for 20 min, without post-amorphisation (a) and with post-amorphisation (b).
Two different regions can be distinguished in both micrographs, which are bounded 
by a thin interface (with an estimated width of 1-2 nm) located at a depth of 15 nm below 
the surface. The upper region is the deposited Si cap, while the lower region is the Si 
substrate.
A layer of EOR defects is located at a depth of 120 nm below the bulk/epi interface 
in figure 5.38a, corresponding to the position of the a/c interface formed after the im­
plantation of Ge+ ions at 70 keV. In agreement with the results shown in sections 5.2 and 
5.4, the EOR defects are annihilated after the post-amorphisation step (see figure 5.38b). 
Diffraction patterns recorded from both samples (not shown) indicate that the Si cap 
in the non post-amorphised sample is mainly amorphous with polycrystalline inclusions. 
Indeed, a plan view micrograph from the same sample (figure 5.39a), shows a random 
distribution of silicon crystal grains, with a density of about 4xl08/cm2 and a maximum
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grain size of about 1.5 pm. In contrast, diffraction patterns from the post-amorphised 
sample did not indicate the presence of particles with crystalline phase, while plan view 
TEM analysis over an area of about 25 p m 2 resulted in the observation of one crystal 
grain with a diameter of about 60 nm (see figure 5.39b).
• ' •
.* * " . • ■ * * +■ 1.'i
* * • -i*• •. *» V
• -,/iv , t t  ' V * *  ,
f  v-* ■ > ■ * Su “ #
■v.. ■ -• . ■
0  •: •*.- "" v  * . b
4 g m  1 0 0  n m
Figure 5.39: Plan view TEM micrographs from sample D3-d (see table 4.6), implanted with 
70 keV Ge+ ions to a dose of 2.5xl016 Ge+/cm2, after deposition of a silicon cap layer by CVD 
and regrowth at 700°C for 20 min, without post-amorphisation (a) and with post-amorphisation
(b).
C h a p t e r  6
D i s c u s s i o n
6 .1  I n t r o d u c t i o n
In this chapter the data presented in chapter 5 are discussed, and conclusions are reached 
regarding the possible mechanisms for the formation of the crystallographic defects ob­
served in the ion beam synthesised SiGe alloy layers.
This chapter contains five sections. The first (6.1) is an introduction whilst in the 
second (6.2) a simple model to describe the relaxation of ion beam synthesised SiGe 
alloys is presented. In the third (6.3), the formation of threading dislocations at the a/c 
interface of Ge+-implanted silicon samples is considered and in the fourth section (6.4), 
the effect of carbon upon the formation of extended defects in ion beam synthesised SiGe 
alloy layers is discussed. The final section (6.5) includes a discussion of the use of silicon 
deposition in conjunction with ion implantation for the preparation of Si/SiGe/Si device 
structures.
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6 .2  S t r u c t u r a l  s t u d i e s  in  G e + - i m p l a n t e d  s a m p l e s
In chapter 5 it has been shown that extended defects are observed in SiGe alloys formed 
by Ge+ implantation and SPEG when critical values, which are a function of the Ge+ 
implant energy, dose and peak germanium concentration, are exceeded. Results from 
the as implanted structures first will be analysed in section 6.2.1. The RBS and TEM 
experimental results from samples regrown at 700°C will be discussed in terms of the im­
plantation energy and dose in the various structures in section 6.2.2, where some possible 
explanations for the variations in the strain related defects with the Ge+ implantation 
energy will be given. The experimental results will then be compared to the theoretical 
model of Paine in section 6.2.2.1 and an empirical approach to the description of the 
relaxation of ion beam synthesised SiGe alloys, based on the calculation of the elastic en­
ergy, will be presented in section 6.2.2.2. The XRD experimental results from structures 
regrown at 700°C, or subjected to a double thermal process (SPEG at 700°(7 +  anneal 
at 1000°G) will be discussed in sections 6.2.3 and 6.2.4, respectively. Finally, the strain 
introduced by EOR defects will be analysed in section 6.2.5.
6 .2 .1  Amorphous layers
It was shown in section 5.2.2 that continuous surface amorphous layers have been formed 
after implantation of Ge+ ions for all energies and doses considered in this study. Indeed, 
the implantation doses needed to synthesise a SiGe alloy (generally in the range 1016 
to 10 17 Ge+/cm2) are about two orders of magnitude larger than the critical dose for 
the formation of a continuous buried amorphous layer (typically >lx l014 Ge+/cm2) as 
well as a surface amorphous layer (>5xl014 Ge+/cm2), according to the Critical Damage
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Energy Density (CDED) model [242]. It was also shown that, after high dose implants at 
400 keV (sample H4, lxlO17 Ge^/cm2), a highly damaged crystalline layer, of thickness 
50 nm, is formed beneath the amorphous layer (see figure 5.5), where the thickness of 
the amorphous layer was found to be 470 nm. It is believed that the damaged layer was 
formed as a result of a self-annealing effect, due to the high current density (~0.5 pA/cm2, 
that is 0.2 W/cm2) and the long implantation time (~8 h) used to achieve the required 
dose. This supposition is confirmed by the analysis of samples implanted with the same 
dose and energy as sample H4 but with different values of current density (see figure
5.4). Indeed, it was found that the thickness of the amorphous layer decreases from 600 
nm to 390 nm as the current density increases from 0.2 pA/cm2 to 0.7 pA/cm2, whilst 
incomplete amorphisastion occurs for a current density of 1.1 pAjcm2.
6 .2.2 Secondary defects observed after SPEG at 70(PC
In this section the results from the various samples after SPEG at 700°C will be discussed. 
In order to discuss the level of relaxation in the structures from the TEM data, the termi­
nology commonly in use in published studies of ion beam synthesised SiGe alloys will be 
used (see section 2.4), whereby a regrown structure is defined as “strained” if no extended 
defects have been observed by TEM (with the exception of the EOR defects associated 
with the Ge+ implant, or with a post-amorphisation implant), while it is considered to 
be “relaxed” if extended defects have been observed by TEM, which are related to the 
lattice mismatch between the SiGe alloy and the silicon substrate. On the other hand, 
the XRD results will be discussed in section 6.2.3, in terms of the relaxation factor R , as 
defined by equation 4.7 on page 89 in sections 6.2.3 and 6.2.4.
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High energy
It was seen in section 5.2.3 that V-shaped “hairpin” dislocations have been observed 
in all samples implanted with 400 keV Ge+ (samples H I  to H 4 ), extending from the 
EOR defect layer (^ 500 nm) up to the surface. Their nucleation from the EOR defects 
is similar to other observations, when different implantation energies have been used to 
synthesise SiGe alloys (200 keV in ref. [23], 800 keV in ref. [29]) or when different 
ion species, such as BFfe [88], have been used to produce an amorphous silicon layer. 
The dislocations are found to nucleate in the vicinity of the EOR defects at a depth at 
which the Ge concentration is lower than 0.5 at.% even for the sample implanted to the 
highest dose (H 4 , lxlO17 Ge+/cm2), suggesting that their formation is not a consequence 
of the relaxation of the mismatched SiGe alloy, but is related to the formation of the 
EOR defects and/or the morphology of the a/c interface after the Ge+ implant. This 
is supported by the results obtained from samples H I  and H 2 , implanted with 3x1016 
Ge+/cm2 and 6.3xl016 Ge+/cm2, respectively, after post-amorphisation with Si+ and 
SPEG. In this case no extended defects have been observed, with the exception of the 
EOR defects located at a depth of 1 pm, associated with the Si+ post-amorphisation step, 
from which we conclude that strained SiGe alloys have been achieved. These results also 
show that a post-amorphisation step is able to annihilate extended defects associated with 
previous implants, such as the Ge+-induced EOR defects and “hairpin” dislocations. The 
formation of “hairpin” dislocations from the EOR defect layer will be further discussed 
in section 6.3.
Hairpin dislocations have been observed in samples H 3 and H 4 , implanted with 
8.3xl016 Ge+/cm2 and lxlO17 Ge+/cm2, respectively, after post-amorphisation and SPEG
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at 700°C. In this case the dislocations nucleated at a depth (~250 nm) corresponding to 
the peak germanium concentration (6.3 at.% and 7.8 at.%, respectively) and their den­
sity was seen to increase with increasing implantation dose. These defects are therefore 
believed to be formed as a consequence of the relaxation of the SiGe alloy layer. Hairpin 
dislocations have also been reported to be formed as strain relieving defects in SiGe alloy 
layers obtained by implantation of 200 keV Ge+ [119]. Elliman et al. [29] have reported 
TEM results from relaxed structures formed by 800 keV Ge+ implantation, where the 
strain relieving defects are similar to the hairpin dislocations found in this work, although 
no detailed characterization was carried out.
Medium and low energy
It has been reported in the previous chapter that samples implanted with Ge+ only, 
at medium (140 keV) and low (70 keV) energies, do not show any “hairpin” dislocations 
extending from the EOR defect layer up to the surface, after regrowth at 700°C, unlike 
the high energy implanted samples (400 keV). A possible explanation for the absence 
of extended defects in this case will be proposed in section 6.3. On the other hand it 
was shown for sample L2, implanted with 4xl016 Ge+/cm2 at 70 keV, that, similar to 
the high energy implanted samples, relaxation induced defects are nucleated at a depth 
correspondent to the peak of the germanium profile (concentration cT1.4 at.%) and extend 
up to the surface, but in this case the relaxation induced defects include “V”-shaped 
stacking faults lying on {111} planes. Stacking faults have also been reported by many 
authors as the strain relieving defects in SiGe alloy layers formed using an implantation 
energy lower than 200 keV (40 keV [123], 50 keV [24], 120 keV [118] and 160 keV [30]).
Energy dependence of the strain related defects
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It was shown by Paine et al. [22], that the introduction of strain relieving stacking 
faults is facilitated by a change from a planar (001) growth surface to one which is faceted 
parallel to the crystal {111} planes. This description has been confirmed by Elliman et al. 
[129] who used TRR measurements to show that the roughness (?’(£)) of the a/e interface 
at a particular depth (rr) during regrowth is directely proportional to the germanium 
concentration at that depth (see section 2.4). Using the new results presented in chapter 
5 it is now proposed that the type of strain relieving defect (stacking faults at energies 
up to 160 keV and hairpin dislocations for energies >200 keV) is related to the ratio (Q) 
of the depth at which strain relieving defects are nucleated (xd) to the roughness of the 
a/e interface at that depth (r(xd)).
In the case of a sample implanted with 200 keV Ge+, with a peak germanium con­
centration of 13 at.% located at a depth of 130 nm, Paine et al. [22] found that the 
roughness of the a/c interface (r(xd)) at the depth where the strain relaxation defects 
were formed (xd=175 nm) was 40 nm, giving a Q  value of 4.4. The germanium concen­
tration at that depth was ~8 at.%. The authors reported the presence of stacking faults 
of length about 40 nm located at a depth of 175 nm, but no strain relieving stacking 
faults were found to extend up to the surface in fully regrown structures. Instead, long 
threading dislocations, similar to the “hairpin” dislocations found in this work (figure 
5.8g-h) for structures formed by 400 lceV Ge+ implantation, were observed. Elliman et 
al. [129] studied a structure formed by implantation of 7.2xl017 Ge+/cm2 at 800 keV, 
with a peak germanium concentration of 35 at.% located at a depth of 400 nm. They 
found that strain relaxation defects were formed at a depth (xd) of ~650 nm where the 
germanium concentration was 6.6 at.%, and the roughness of the a/c interface (r(xd))
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was ~12 nm, which gives a Q  value of 54. Again, strain relieving “hairpin” dislocations 
were found in fully regrown structures. The value of Q  for the samples studied in this 
work has been calculated assuming a dependence of the roughness of the a/c interface 
on the germanium concentration as reported by Elliman et al. in ref. [129]. For sample 
H3, implanted with 8.3xl016 Ge+/cm2 at 400 keV, strain relieving “hairpin” dislocations 
were formed at a depth (xd) of ~250 nm, where the estimated value of the roughness of 
the a/c interface (r(xa)) is 15 nm, which gives a Q  value of 17. In the case of sample L2, 
implanted with 4xl016 Ge+/cm2 at 70 keV, strain relieving stacking faults were formed at 
a depth of 50 nm, where the estimated value of the roughness of the a/c interface (r(rrd)) is 
30 nm, corresponding to a Q  value of 1.7. These results are summarised in table 6.1, from 
which we conclude that strain relieving stacking faults extend up to the surface, when 
they are formed at a depth comparable to the roughness of the a/c interface (Q < ~  2). 
This condition is more easily satisfied for low implantation energies, where more abrupt 
germanium profiles are obtained, implying low values of (^d).
Energy
(keV) Author
Q ratio 
(xd/r(x d))
strain relieving 
defect type
70 this work 1.7 stacking faults
200 Paine et al. [22] 4.4 hairpin dislocations
400 this work 17 hairpin dislocations
800 Elliman et al. [129] 54 hairpin dislocations
Table 6.1: Values of the ratio (Q) of the depth at which strain relieving defects are nucleated 
(xd) to the roughness of the a/c interface at that depth (r(xd)).
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6.2.2.1 Comparison with Paine’s model
It has been reported in section 2.4 (pages 24-26) that the theoretical model of Paine has 
been referred to in many experimental studies of ion beam synthesised SiGe alloys. The 
Ge+ implant energies considered in the original paper from Paine [23], ranged from 50 
to 200 keV. In particular, the values of the mean projected range (R p) and the standard 
deviation (AR p) used in the calculations were extracted from tables [196] based on the 
Lindhard-Scharff-Schiott (LSS) theory [237]. In order to compare the experimental results 
presented in this thesis (obtained using Ge+ implantation energies up to 400 keV) with the 
model of Paine, equations 3.15 to 3.22 (section 3.2.2.2 on page 52) have been recalculated 
using values of R p and AR p which were extracted from the same tablesused by Paine. All 
other parameters are the same as those used by Paine. The calculations were carried out 
assuming that the relaxation defects are stacking faults bounded by 90° partial dislocations 
(see section 3.2.2.2). The results are plotted in figure 6.1 (diamonds and dashed line), 
while the solid line between 50 and 200 keV refers to the original calculations of Paine. 
The experimental results are represented by open circles in the case of strained samples 
(no extended defects seen by TEM) and full circles for relaxed samples (extended defects 
observed by TEM). It is noted that the model is able to predict the relaxation state of 
all samples studied in this work, with the exception of sample H3, implanted with 400 
keV Ge+ and with a peak germanium concentration of 6.3 at.%. This sample was found 
to contain relaxation induced defects (see figures 5.8g and 5.10a), although with a low 
density (1.5xl06 disl/cm2).
It was shown in the previous chapter (see figure 5.3) that a difference has been found 
between values of R p and AR p measured by RBS and those calculated from the LSS
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Figure 6.1: Predictions of the model of Paine [23] for the critical peak germanium concentration 
vs implant energy, calculated using different values of the mean projected range (Rp) and the 
standard deviation (AR p) (see text). Also shown are the experimental results obtained in this 
work. Empty circles: strained structures. Full circles: relaxed structures.
theory, especially for the standard deviation AR p which is underestimated by the LSS 
theory. This underestimate by the LSS theory has been confirmed for all samples studied 
in this work as well as by comparison with published data from other groups (for details 
see section 6.2.2.2). In terms of the Paine’s model, this means that, for a fixed peak 
germanium concentration, the ’’work done” determined from the layer stress (equations 
3.22 and 3.18), calculated using experimental values of Rp and AR p, is higher than that 
calculated using the LSS data. Therefore the critical peak germanium concentration at 
which strain relaxation occurs is lower than previously reported. This is shown in figure 
6.1 (squares and dotted line), where equations 3.15 to 3.22 have been re-calculated for 
Ge+ implant energies of 30, 70, 140, 200, 400 and 800 keV, using R p and AR p values 
obtained by fitting several published experimental data (for details see section 6.2.2.2). 
In this case the model predicts the relaxation to occur at lower values of peak germanium
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concentration than reported in the original work of Paine. The predicted shift in the value 
of the critical peak germanium concentration is more pronounced at low energies (15% 
at 30 keV) than at high energies (5.5% at 800 keV). However, the model is still not able
been mentioned in chapter 3 that the model is limited by the basic assumptions on which 
it has been developed (neglect of energy barriers to the nucleation of the defects, and 
consideration of the changing component of stress due to the shrinking amorphous layer 
thickness during SPEG).
In an attempt to account for all the experimental results obtained in this work, a 
simple empirical approach to the problem has been undertaken, which is based on the 
evaluation of the elastic energy stored in the SiGe/Si heterostructures. This analysis is 
presented in the following section.
6 .2 .2 .2  E v a lu a t io n  o f th e  e la s t ic  e n e rg y  o f g ra d e d  S iG e  e p ila y e rs
It was seen in chapter 3 that the energy (Ee) associated with the elastic strain between 
a thin SiGe layer and a thick silicon substrate, assuming an elastically isotropic film, is 
given by the following equation [180]:
where p  and v are the shear modulus and the Poisson ratio, respectively, and h is the film
to account for the observation of relaxation defects in sample H3. Indeed, it has already
(6.1)
thickness. In the case of a strained film, the strain (e) is equal to the misfit parameter,
so that
e = aSiGe — asi 
asi
(6.2)
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The adaptation of these formulae to the evaluation of the elastic energy in ion beam 
synthesised SiGe alloys must take into account the compositional variation with depth. 
This is usually achieved by taking an average value of the strain (e) over the thickness of 
the layer [247]. Equation 6.1 can then be written
rh Jl i
(6.3)
The thickness of the layer is chosen to be large enough to enclose the implanted germanium 
profile. Assuming a gaussian distribution, and using equation 3.3, the misfit parameter 
as a function of depth is given by
e(y) =  f0 x(y) =  <:0 exp (v ~
2(A R.Y
(6.4)
where e0 is the misfit parameter between pure germanium and pure silicon, x(y) is the 
germanium fraction in the alloy at a particular depth y and xT(fk is the peak germa­
nium concentration. The energy (Ef) associated with the elastic strain in an ion beam 
synthesised SiGe alloy is finally given by the following expression:
I 0 O 2 fJo exp
(y - R P)‘
(A R py
dy (6.5)
It is noted that, when using equation 6.5 to evaluate the elastic energy of these alloy 
layers, E £ corresponds to the total elastic energy stored in the alloy layer only in the case 
of strained structures. In the case of relaxed structures, the total energy is instead given 
by the sum of two terms, one for the elastic strain (Ee) and one for the dislocations (E$), 
as described in chapter 3 (equations 3.6 and 3.8).
Figure 6.2 shows the values of Ee calculated from equation 6.5 for the samples studied 
in this work, with /x=7.96xl010 Pa, ^=0.28, e0=0.0416 and h >  4R p. The implantation
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parameters (Rp, A Rp and xp^ k) used for the calculations are those reported in table 5 !  of 
chapter 5. As in figure 6.1, open circles represent structures where no dislocations where 
found by TEM, while filled circles represent structures where dislocations were observed 
by TEM. We conclude that a critical value for the energy associated with the elastic 
strain may exist above which ion beam synthesised SiGe alloys relax via the formation of 
extended defects. Furthermore, this critical value (estimated from figure 6.2 to be about 
300 mJ/ m2) is independent from the Ge+ implantation energy.
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Figure 6.2: Values of the elastic energy calculated using equation 6.5 for the various structures 
studied in this work as a function of the implantation energy. Empty circles: strained structures. 
Full circles: relaxed structures.
Unfortunately it is unwise to draw too many conclusions from the limited amount of 
data presented in figure 6.2, due to the relatively small number of samples analysed in 
this work. However, in order to test the validity of this analysis, our results have been
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compared with data from several published studies of ion beam synthesised SiGe alloys, 
so that a wider range of samples and energies and doses can be considered. In order to do 
so, the elastic energy has been calculated as a function of the Ge+ implantation energy 
and of the peak germanium concentration. With reference to equation 6.5, the elastic
energy is a function of the implantation energy through the parameters Rp and A Rp. 
Table 6.2 reports a list of published experimental values of these two quantities, obtained 
mainly by RBS analysis and, in few cases, by SIMS.
Energy
(keV)
R p
(nm)
A  R p 
(nm)
Analysis
technique Author
30 22 15 RBS Jiang et al. [35]
40 33 12 RBS Sonsiriritthigul et al. [123]
50 28 34 SIMS Gupta et al. [154]
70 30 30 RBS this work
80 50 22 SIMS Kobayashi et al. [144]
90 55 28 RBS Jiang et al. [35]
120 67 31 RBS lm et al. [118]
140 72 43 RBS this work
140 83 41 RBS Turan et al. [248]
150 105 49 RBS Berti et al. [26]
160 110 54 SIMS Fukami et al. [30]
200 130 56 RBS Paine et al. [23]
400 251 96 RBS this work
800 468 142 RBS Elliman et al. [29]
Table 6.2: Experimental values of the mean projected range (Rp) and the standard deviation 
(AR p), obtained by R B S  or SIMS, for Ge+ ions implanted at different energies.
The values of R p and AR p contained in table 6.2 are plotted, respectively, in figures 
6.3a and 6.3b, as a function of the Ge+ implantation energy. A polynomial fit to the
experimental values of R p and AR p, obtained excluding the values from this work, is also
shown. It is observed that, within the experimental errors, the values of R p and AR p 
obtained in this study are consistent with data published by other research groups. For
comparison, R p and A Rp values taken from tables based on the LSS theory (Gibbons
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et al. [225]) are also plotted in figure 6.3, which are shown by dashed lines, as well as 
values determined from Monte Carlo TRIM simulations [224] (circles and dotted lines). 
It is observed from figure 6.3a that R p values obtained from LSS theory are similar to 
the experimental values for all the Ge+ implantation energies considered. The values of 
R p calculated from TRIM are always higher than the experimental values. The differ­
ence between experimental and calculated values is less than 15 % for Ge+ implantation 
energies up to 200 keV, comparable to the scatter of the experimental points around the 
fitted values, but increases at higher energies (17 % at 400 keV and 30 % at 800 keV).
<> exp.data (table 6.1) O exp.data (table 6.1)
♦  this work ♦  this work
fit to exp. data fit to exp. data
O O Monte carlo (TRIM) O O Monte carlo (TRIM)
---------LSS (Gibbons tables) ---------LSS (Gibbons tables)
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Energy (keV) Energy (keV)
Figure 6.3: Plots of the mean projected range (Rp) (a) and the standard deviation (AR p) (b) 
as a function of the Ge+ implantation energy. Diamonds and solid lines: experimental values. 
Circles and dotted lines: Monte Carlo TRIM simulations. Dashed lines: LSS theory.
On the other hand, it is seen from figure 6.3b that the mean projected standard
deviation (ARp) is underestimated by the LSS theory at all energies, where the difference
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with the experimental curve varies from 50 % at 30 keV to 27 % at 400 keV. TRIM values
of AR p are also systematically lower than the experimental values, with a difference 
varying from 30% at 30 keV down to 7% at 400 keV.
The fitted R p and AR p values to the experimental data, shown by the solid lines in 
figures 6.3a and 6.3b, respectively, have been used to calculate the elastic energy associated 
with the elastic strain in ion beam synthesised SiGe alloy layers, as a function of the Ge+ 
implantation energy and the germanium peak concentration, using equation 6.5. The 
calculations have been carried out for implantation energies from 20 to 900 keV and peak 
germanium concentrations from 1 to 25 at.%. The results are shown in figure 6.4, where 
the contour lines represent alloys with the same peak germanium concentration.
Implantation Energy (keV)
Figure 6.4: Plot of the elastic energy as a function of the Ge+ implantation energy for different 
values of the peak germanium concentration, obtained using equation 6.5. The contour lines 
represent alloys with the same peak germanium concentration.
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It is observed from figure 6.4 that, for a fixed value of the peak germanium concentra­
tion, the elastic energy increases with increasing implantation energy. Indeed, because of 
the increase of AR p with increasing implantation energy (see figure 6.3b), a higher germa­
nium dose is required to achieve the same peak concentration. The comparison between 
different ion beam synthesised SiGe alloj^ s in terms of the elastic energy calculated in this 
way, is achieved by placing points in the graph of figure 6.4 according to the respective 
values of the Ge+ implantation energy and the germanium peak concentration.
The comparison of the results obtained in this work with data from several published 
studies on the relaxation of ion beam synthesised SiGe alloys is shown in figure 6.5. To 
be consistent with figure 6.1, data have been plotted using open symbols for strained 
structures and filled symbols for relaxed structures.
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filled symbols: relaxed structures
Implantation Energy (keV)
□  Jiang (30,90 keV)
■  Jiang (30,90 keV)
<> Songsiriritthigul
♦  Sonsiriritthigul 
A X ia  
AFukam i
<1 Larsen 
Larsen
▼  Kobayashi (80 keV) 
|>Im
►T in  
V  Paine
▼  Paine (200 keV)
□  Elliman (800 keV)
■  Elliman (800 keV) 
O  this work
#  this work
Figure 6.5: Comparison of the results obtained in this work (circles) with data from several 
published studies (other symbols), in terms of the elastic energy calculated from equation 6.5 
(see figure 6.4). Empty symbols: strained structures. Fu.ll symbols: relaxed structures.
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It is evident from figure 6.5 that, within the experimental errors on the peak germa­
nium concentration (which was only considered for the alloys studied in this work), a 
critical value exists for the energy associated with the elastic strain for the formation of 
extended defects. This critical value is estimated from figure 6.5 to be about 300 m j/m 2. 
It has to be noted that the values shown in figure 6.5 for the elastic energy of the alloys 
studied in this work are slightly different from those reported in figure 6.2, due to the 
use of the best fit values of R p and AR p, taken from figure 6.3. For the same reason, the 
values of the elastic energy for the alloys synthesised at 40 keV by Songsiriritthigul et al 
[123] are different (about 33% higher) from those originally reported by the same author 
[249], Finally, it is observed that the results published by Im et al [118] and by Fukami et 
al [30], taken from alloy layers with a peak germanium concentration of 7 at.%, obtained 
with implantation energies of 120 keV and 160 keV, respectively, cannot be accounted 
by this description, as the authors reported the presence of relaxation induced defects, 
observed by TEM. In contrast to these results, alloy layers with the same peak germanium 
concentration, obtained with similar implantation energies (100 keV [27], 140 keV [this 
work] and 200 keV [23]), have been found to be defect free, based upon the sensitivity of 
XTEM.
A plot of the critical peak germanium concentration versus implantation energy can 
be obtained from figure 6.5 by taking the interception of the concentration contour lines 
with the critical value of the elastic energy (310 mJ/m2). The results are shown in figure 
6.6 by the thick solid line (elastic energy model), while the dashed and dotted lines refer 
to the model of Paine (see figure 6.1) calculated using R p and AR p values from the LSS 
theory or from a fit of published experimental values, respectively.
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Figure 6.6: Plot of the critical peak germanium concentration versus implantation energy 
obtained from equation 6.5, assuming a critical value of the elastic energy of 310 m J / m 2 (see 
figure 6.5). Also shown are predictions of the model of Paine [23] and experimental results 
obtained in this study and in other published works. Empty symbols: strained structures. Pull 
symbols: relaxed structures.
It is observed from figure 6.6 that higher values of the critical peak germanium concen­
tration are predicted by the elastic energy model with respect to the model of Paine for 
low implantation energies, in agreement with results reported for alloys formed by 40 keV 
Ge+ implantation [249]. Lower values of the critical peak germanium concentration are 
predicted with respect to the model of Paine for higher implantation energies, in agree­
ment with results reported in this work for alloys formed by 400 keV Ge+ implantation.
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6.2.3 Strain measurements after SPEG at 700°C
It was shown in section 5.2.4 that interference fringes were observed in X R D  rocking 
curves, between the silicon substrate peak and the “SiGe peak”, in all samples considered 
in this study, measured after post-amorphisation and regrowth at 700°C, with the excep­
tion of sample LI, implanted at 70 keV to a dose of 1.4xl016 Ge+/cm2. The measured 
average fringe period (Aa) is reported in table 6.3. In deposited SiGe/Si structures with 
uniform germanium content, the fringe period (Aa) is related to the layer thickness (i) 
by the following formula, valid for a symmetrical (004) reflection [231]:
* =  2 A  (cose (6'6)
where A is the X-ray wavelength and 6 is the Bragg angle. If the same formula is applied
to the implanted structures considered in this study, “effective layer thicknesses” can be
calculated for the various samples, which are listed on table 6.3. Although equation 6.6 is
not strictly applicable to ion beam synthesised structures, where the germanium content
varies with depth, it is observed that the thickness values obtained following this method
are comparable to the mean projected range of the implanted Ge+ ions, as shown in
table 6.3, where both the measured and computed (TRIM) values of Rp are reported. In
particular, data from samples H1-H4, implanted with 400 keV Ge+ ions show that, for
a fixed ion energy, the fringe period does not varj' with the implanted dose. In the case
of sample LI, implanted with 70 keV Ge+ to a dose of 1.4xl016 Ge+/cm2, the separation
(A6) between the silicon peak and the “SiGe peak” was found to be 250 arcsec, which
is smaller than the average experimental fringe period (Aa =  393nm) from sample L2,
implanted at the same energy but with a higher dose, explaining why no thickness fringes
were observed in this case.
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Sample
no.
Energy
(lceV)
Dose
(Ge+/cm2)
Aa
(arcsec)
“layer thick.” 
(nm) (eq. 6.6)
R p (measured) 
(nm)
R p (TRIM) 
(nm)
L2 70 4.0el6 393 49 30 52
M l 140 3.8el6 190 101 72 98
HI 400 3.0el6 77 251 258
H2 400 6.3el6 71 272 252
H3 400 8.3el6 80 241 249 ZoU
H4 400 1.0el7 77 251 245
Table 6.3: Values of the average fringe period (Aa:), measured from (004) X R D  rocking curves. 
The corresponding ”layer thickness” is calculated using equation 6.6.
W e  suggest that no relaxation occurs in structures were these interference fringes in 
X R D  rocking curves are observed [231, 250]. The relaxation state of the various samples 
has been assessed by evaluating the relaxation factor R. From the results, reported in 
table 5.4 on page 113, it is found that samples L2 and H4, implanted with 70 keV and 
400 keV Ge+ ions, respectively, have a low value of R  (R < 5% and R  =  (1.4 ±  0.8)%, 
respectively), confirming that these structures are fully strained. As a consequence, we 
assume that samples HI, H 2  and H3, implanted using the same ion energy as sample 
H 4  but with a lower germanium content, are also strained, even though the experimental 
setup did not allow an accurate determination of the relaxation factor (R ) (see section
5.2.4). A  similar argument applies to sample LI, when compared to sample L2.
Although the X R D  analyses reported so far indicate no noticeable relaxation after 
regrowth at 700°C, X T E M  investigations have shown that extended defects exist in sam­
ples with a high germanium content (samples L2, H 3  and H4, see section 6.2.2). As the 
nucleation of these defects is assumed to be a consequence of the relaxation of the elastic 
strain it is concluded therefore that only a small fraction of the elastic energy is released 
during their formation.
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In the case of sample L2, the elastic energy transferred to the extended defects has 
been estimated on the basis of X T E M  observations. It is assumed that the “V ”-shaped 
stacking faults, observed after regrowth in this sample, represent the projection of square 
based Stacking Fault Pyramids (SFP), consistent with Paine et al. [22], where the average 
base size is estimated to be about 60 nm. The total energy of a SFP is known as it has 
been calculated by Lee et al. [251]. These authors showed that, for a base size smaller 
than 82 nm, the total energy of a SFP is of the same order, but always lower, than that 
of four isolated stacking faults. For an average base size of 60 n m  the total energy is 
~4xl0-13 mJ. With reference to sample L2 it is reasonable to assume a defect density of 
lxlO10 disl/cm2 (see section 5.2.3), whence the elastic energy transferred to the defects is 
40 m J / m 2, which is less than 12% of the total elastic energy stored in the whole structure 
(see figure 6.2), confirming that this annealed sample is still highly strained. It is noted 
that a plan view T E M  analysis of the sample (not available) would give an accurate 
measure of the size and density of the extended defects, allowing a better estimation of 
the energy transferred to them during relaxation.
In the case of sample H4, the relaxation defects are “hairpin” dislocations. It is 
assumed that their misfit segments, with the direction parallel to the surface, are rep­
resented by their short “tips” located at a depth of about 0.25 /xm, suggesting that the 
stored energy is low. Using equation 3.7 to calculate the energy of an isolated edge dislo­
cation and assuming a “tip” length of 10 nm, an energy of cHxlO-13 mJ is obtained. If 
the experimental defect density is then taken into account (1.5xl09 disl/cm2) the energy 
stored by the extended defects is 1.5 m J / m 2, corresponding to only 0.3% of the elastic 
energy stored in the whole structure, in agreement with the low value of R  obtained by
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X R D  analysis.
6.2.4 TEM and XRD analysis after a double thermal process (SPEG at 
700PC -h anneal at lOOtPC)
X R D  rocking curves recorded after a double thermal process (SPEG at 700°G +  anneal 
at 1000°C'), presented in section 5.2.5, indicate that samples in which no extended defects 
were detected by T E M  after regrowth at 700°C, still exhibit interference fringes between 
the silicon substrate peak and the “SiGe peak”, suggesting that these structures are 
still strained after a high temperature anneal. The same result was found for sample 
H3, implanted with 400 Ge+ ions to a dose of 8.3xl016 Ge+/cm2, which contained a 
low density (1.5xl06 disl/cm2) of relaxation induced defects after regrowth at 700°C. In 
contrast, samples L2 and H4, which contained a high density of extended defects after 
regrowth at 700°C, show a flat intensity profile with a broad “SiGe peak”, indicating 
that a relaxation of the elastic strain has occurred. A  similar flat intensity profile was 
also observed for sample M3, implanted with 200 keV Ge+ ions to a dose of 2.2xl017 
Ge+/cm2, for which no T E M  data is available after regrowth at 700°C. These results 
are confirmed by the measure of the relaxation factor R. For the germanium-rich alloys 
(samples L2, M 3  and H4) R  was found to be >50%, whereas low values were found for 
all other samples.
W e  suggest that in the case of sample L2 the relaxation of the structure after the double 
thermal process is due to an increase in the SFPs size and density. X T E M  analysis of 
sample L2 after the double thermal process indicates that the SFPs extend to an average 
depth of 65 nm, with isolated defects reaching a depth of 100 n m  (see figure 5.18a), 
compared to 45 n m  after regrowth at 700°C. On the other hand, no evident change in the
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defect density was observed, although a plan view analysis would be required to accurately 
quantify such a change.
In the case of sample H4, it is believed that during the high temperature anneal at 
1000°C, the force due to the strain field associated with the SiGe alloy layer causes the 
“hairpin” dislocation arms, formed during regrowth at 700°C, to move. This force [194] 
is always normal to the dislocations at every point along their length, while its intensity 
is given by the product rb, where b is the intensity of the Burgers vector b and r is 
the shear stress in the glide plane of the dislocation resolved in the direction of b. As 
shown is section 5.3, the two arms of each “hairpin” dislocation have the same Burgers 
vector, so that they move apart from each other under the action of the strain-induced 
force as well as deeper into the structure. As a consequence, long misfit segments are 
formed which eventually intersect to form the closed loops observed by T E M  (see figure 
5.18b). Such a dislocation configuration stores a higher amount of elastic energy (see 
equation 3.7) compared to the sample regrown at 700°C, in agreement with the higher 
value of the relaxation factor R  found by X R D  analysis. It is noted that in the above 
description the “hairpin” dislocations are formed during regrowth at 700°C, prior to the 
high temperature anneal at 1000°C. If a single high temperature anneal step is performed, 
a complex network of dislocations with both threading and misfit segments is formed, as 
shown in figure 5.19e for an anneal at 1100° for 10 min.
6.2.5 End-of-range strain and defects
It was shown in figure 5.16a that the (004) X R D  rocking curve from sample Ml, implanted 
with 140 keV Ge+ to a dose of 3.8xl016 Ge+/cm2, recorded after regrowth at 700°G, 
exhibited a complex set of thickness fringes, which we conclude is evidence for additional
6.2. S T R U C T U R A L  S T U D I E S  IN G E + - I M P L A N T E D  S A M P L E S 166
strained layers to contribute to the X-ray intensity spectrum [231]. The average fringe 
period (Aa) was found to be 90 arcsec, corresponding to a layer thickness, or to a layer 
depth, of 215 n m  (cfr. equation 6.6). X T E M  analysis of the same sample showed that a 
layer of E O R  defects is located at a depth of 220 n m  (see figure 5.12a), which we assume 
are responsible for the additional strain detected in the rocking curve. Indeed, X R D  
studies have shown that the region containing the E O R  defects is under compressive strain
[84]. This conclusion is supported by the strain profile used to simulate the experimental 
rocking curve (see figures 5.16a and c). It includes a gaussian profile centred at a depth 
of 110 nm, coincident with the implanted germanium profile and a second deeper profile 
centred at 270 nm, which is associated with the E O R  defects. The magnitude of this 
second strain profile indicates that the strain originating from the E O R  loops is not 
negligible with respect to the SiGe alloy layer.
The additional strain associated with the E O R  defects was not detected in sample M l  
after post-amorphisation and regrowth at 700°C (see figures 5.16b and d). This result 
can be explained in terms of the number of “excess interstitials” contained in the region 
below the a/c interface after implantation, which are responsible for the formation of the 
E O R  defects (see section 2.2.1). It will be shown in next section (see figure 6.10), that 
a sample post-amorphised with a Si+ implant contains less “excess interstitials” than a 
sample implanted with Ge+ only. On the other hand, it is noted that the E O R  defects 
formed after regrowth of the post-amorphised structure are located at a depth of about 1 
/iin, which, according to equation 6.6, corresponds to a fringe period of 20 arcsec in the 
rocking curve. It is possible therefore that the particular experimental setup used for this 
sample (angle stepsize of 4 arcsec with 10 sec collection time per point) did not allow the
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detection of such a fine structure.
The (004) X R D  rocking curve from sample Ml, without post-amorphisation, recorded 
after a double thermal process (SPEG at 700°C +  anneal at 1000°(7), shows a simple set 
of thickness fringes, which can be closely simulated using a single gaussian strain profile 
coincident with the implanted germanium profile (see figure 5.21a). However, a layer of 
E O R  dislocation loops is still observed at a depth of 240 n m  (see figure 5.21b) by X T E M ,  
which we assume does not introduce any significant strain, in contrast to the situation 
after regrowth at 700°C'. It is suggested that during the high temperature anneal at 
1000°C, the E O R  loops enter the dissolution regime (efr. section 2.2.1), where the density 
of loops decreases during annealing and the mean radius of the loops increases, with a 
net decrease in the number of atoms bound by the dislocation loops, which results in a 
lower level of strain.
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6.3.1 Analysis of data
It was shown in section 5.3 that “hairpin” dislocations observed under two different ex­
perimental conditions, namely in samples without and with a post-amorphisation step, 
have the same crystallographic orientation and the same Burgers vector.
Figure 6.7 shows a summary of the orientation study of the “hairpin” dislocations 
carried out in this work. The two dislocation arms have been found to lie on the {110} 
planes that are perpendicular to the wafer surface, in a direction forming an angle of 
about 21° with the surface normal, namely between the <1 1 4> and <1 1 3> directions,
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but on average closer to the former. These results are in agreement with previous studies 
of “hairpin” dislocations nucleated from the E O R  defects, which also reported that they 
lie on {1 1 0} planes [63, 86], although the orientation of the dislocation lines was found to 
be <1 1 3> [63] or <1 1 2> [86]. On the other hand, in the work of Sands et al. [88], the 
“hairpin” dislocations were found to lie out of the {110} planes that are perpendicular 
to the wafer surface, with an orientation that does not correspond to any “low index” 
crystallographic directions (see figure 2.3 on page 16).
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Figure 6.7: Plot of the angle between the arms of ’’hairpin dislocations” and the [001] direction, 
measured from P V T E M  for three samples.
The Burgers vector of the “hairpin” dislocations has been found to be ~a< 1 1 0>, 
inclined at 45° to the wafer surface for “curved” dislocations (see section 5.3), or parallel 
to the surface for “straight” dislocations. The same Burgers vector has been found in 
published studies of “hairpin” dislocations nucleated from the E O R  defects in samples
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amorphised by Si+ [63, 49] or Sb+ [86] implantation.
6.3.2 Origin of “hairpin” dislocations
It was shown in section 6.2.1 that “hairpin” dislocations, nucleated from the E O R  defects 
in SiGe alloy layers synthesised by 400 keV Ge+ implantation without a post amorphisa- 
tion step, are not caused by the relaxation of the mismatched SiGe alloy, but instead they 
are believed to be related to the formation of the E O R  defects and/or the morphology 
of the a/c interface after the Ge+ implant. On the other hand, it was also shown that 
similar “hairpin” dislocations, nucleated at the R p of Ge+ in the same samples after a post 
amorphisation step, are formed as a consequence of the relaxation of the SiGe alloy layer. 
While appearing under two different experimental conditions, the T E M  study presented 
in section 5.3 has shown that these defects have the same crystallographic orientation and 
the same Burgers vector. It is therefore suggested that a similar mechanism is responsible 
for their formation.
Theoretical models [39, 88] have suggested that ’’hairpin” dislocations are formed at 
the E O R  defects when, during SPEG, the moving a/c interface encounters misoriented 
microcrystallites within the amorphous material close to the depth of the a/c interface 
before regrowth. However, these models have not been supported by quantitative studies
[93]. Moreover, they are not applicable in the case of ion beam synthesised SiGe alloys 
subjected to a post amorphisation step, as the results shown in figure 5.8(g-h) indicate 
that ’’hairpin” dislocations can be formed far from the original depth of the a/c interface, 
in a region which is fully amorphised before SPEG, where no misoriented microcrystal­
lites are expected to exist. This assumption is valid in our case, because of the total
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miscibility of Ge and Si, inhibiting the formation of type V  defects [39]. Indeed, H R E M  
has failed to reveal the presence of any microprecipitates in the vicinity of the peak of 
the Ge concentration depth profile, where the ’’hairpin” dislocations are nucleated (cfr. 
figure 5.8h). As shown in figure 6.8, only microstacking faults have been observed at the 
peak of the Ge concentration, and their formation is believed to be a consequence of the 
a/c interface roughening as it advances through this region, in agreement with results 
previously reported by Paine et al [23]. In addition, the observed microstacking faults 
were always found to be remote from the nueleation sites of the ’’hairpin” dislocations. 
It is therefore concluded that currently accepted models for the formation of “hairpin” 
dislocations, based on the presence of misoriented microcrystallites in the amorphous 
material, prior to SPEG, cannot account for the formation of the “hairpin” dislocations 
nucleated at the R v of germanium. As shown in section 6.2.2.2, the formation of these 
defects can instead be successfully described in terms of a strain relaxation model, where 
the “source” of strain is given by the mismatch between the synthesised SiGe alloy layer 
and the silicon substrate.
It was reported in section 2.2.2, that a “strain relaxation model” was also proposed 
for “hairpin” dislocations formed at the E O R  defects, by Glowinski et al. [63] in 1976, 
according to which these defects are formed during S P E G  in order to compensate for 
the mismatch with the buried expanded layer, containing the E O R  dislocation loops. 
The E O R  loops could therefore be regarded as the “source” of strain, or, rather, the 
initial population of excess interstitials contained in the region below the a/c interface 
after implantation, which determines, together with the S P E G  parameters (time and 
temperature), the size and density of the E O R  loops [252, 84]. W e  propose, therefore,
6.3. T E M  C H A R A C T E R I Z A T I O N  O F  “H A I R P I N ” D I S L O C A T I O N S  171
Figure 6.8: H R E M  micrograph from sample H4, implanted with 400 keV Ge+ ions to a dose 
of lxlO17 Ge+/cm2, after post-amorphisation and regrowth at 700°C, showing micro stacking 
faults. The micrograph has been taken in the vicinity of the peak of the germanium concentration 
depth profile (~0.25 p m  below the surface).
that a critical value of excess interstitials may exist above which the formation of E O R  
loops is no longer able to relieve the strain energy due to the excess interstitials. Above 
this critical value the strain is relieved by the formation of “hairpin” dislocations.
In order to further investigate this model, Monte Carlo simulations [224, 253] have 
been carried out to calculate the number of excess interstitials formed after implantation 
for the various samples studied in this work. Figure 6.9 shows the calculated profiles of 
excess interstitials due to Ge+ implants at different energies, from 70 keV to 400 keV. 
From the figure it is evident that a vacancy-rich region is formed close to the surface for 
all energies, while an interstitial-rich region is formed at the end of the ion range. The 
amount of excess interstitials formed below the a/c interface (positioned at xa/c below the 
surface) after implantation has been calculated for each of the samples considered in this 
study by multiplying the correspondent curve on figure 6.9 by the implanted Ge+ dose 
and integrating the resulting curve for x > xa/c. The results are shown in figure 6.10. The
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Figure 6.9: Excess interstitials concentration depth profile for Ge+ ions implanted at different 
energies, calculated using Monte Carlo simulations [253],
error bars in this figure are due to the experimental errors in the depth of the a/c interface 
in the as-implanted samples as determined by X T E M  (±3%). An exception is sample M 3  
which was measured by RBS (±10%). Empty circles refer to samples where no “hairpin” 
dislocations have nucleated at the E O R  defects, while filled circles refer to samples with 
“hairpin” dislocations. It is noted that the estimated number of excess interstitials is 
very sensitive to the position of the interface itself, which leads to a typical uncertainty of 
+50%, — 35% for the samples measured by TEM. Despite these large errors, the results 
presented in figure 6.10 suggest that under our experimental conditions a critical value of 
~2xl015 at/cm2 exists above which “hairpin” dislocations are formed at the E O R  defects.
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Figure 6.10: Excess interstitials formed below the a/c interface after implantation, calculated 
using Monte Carlo simulations [253], for the samples considered in this study. Empty circles: 
structures without ’’hairpin” dislocations. Pull circles: structures with ’’hairpin” dislocations.
6 . 4  E x t e n d e d  d e f e c t s  i n  s a m p l e s  c o - i m p l a n t e d  w i t h  
G e +  a n d  C +
6.4.1 Strain related defects
It was shown in section 5.4.1 that, for a sample implanted with a Ge+ dose below the 
critical value for relaxation (Hl-Ca), the coimplantation with C + ions results in a reduc­
tion of the E O R  defects (cfr. figure 5.30a). This effect will be discussed in more detail 
in this section. However, no effects related to the carbon coimplantation are seen after 
the deep post-amorphisation step (cfr. figure 5.30b) which results, after regrowth, in a 
defect free structure with the exception of a deep band of E O R  defects, similar to the 
sample implanted with Ge+ only (HI). This is due to the fact that the region imme­
diately below the a/c interface formed during Ge+ implantation (~0.5 pm), where the 
Ge+- and C +-induced “excess interstitials” are located, is completely amorphised by the 
Si+ post-amorphisation step.
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In the case of a sample implanted above the relaxation limit, X T E M  analysis (cfr. 
figure 5.30c and d) shows that the strain related defects are annihilated when C + is co­
implanted, indicating that the implantation of a species with a smaller covalent radius 
than silicon is able to compensate the compressive strain in the SiGe alloys synthesised by 
Ge+ implantation, in agreement with previous studies [24, 124, 146, 147]. In particular, 
the germanium/carbon peak concentration ratio in the structures considered in this study 
is 9.3, where the carbon peak concentration was evaluated by computer simulation [224], 
which is close to the value of 10.7, proposed by Im et al. [118, 146] (cfr. section 2.4).
W e  find that the suppression of extended defects when C + ions are co-implanted with 
Ge+ is due to the combined effect of both species. This is confirmed by the X T E M  analysis 
of sample C b  (figure 5.30e), implanted with carbon only to a dose of 6xl015 C +/cm2 at 
an energy of 110 keV. In this case a layer of dislocation loops centred on the projected 
range of the C + ions was observed. They are not believed to be related to a relaxation 
of the structure due to the incorporation of carbon, because they have been formed in a 
non pre-amorphised structure, where the implanted carbon atoms have a low probability 
to be incorporated on substitutional sites during a subsequent anneal. Moreover, it has 
been shown by Strane et al. [250] that strain related defects in ion beam synthesised 
SiC alloys appear as stacking faults on the {111} planes. These dislocation loops are 
therefore classified as Category I defects [39], with reference to the model of Jones et al. 
presented in chapter 2. Finally, X T E M  of the post-amorphised sample shows that no 
extended defects are formed in the C +-implanted region, confirming that the peak carbon 
concentration, estimated to be 0.84 at.% from computer simulations, is below the critical 
value for strain relaxation for this particular ion species and implantation energy (110
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6.4.2 Trapping efficiency of carbon
A  T E M  study of the evolution of E O R  dislocation loops in samples amorphised with Ge+ 
and coimplanted with C + ions has been presented in section 5.4.2. The number of atoms 
(Nb) stored in the E O R  loops, calculated using equation 5.1 and reported in table 5.7, are 
plotted in figure 6.11 as a function of the carbon dose. A  dotted line is drawn to guide 
the eye to the dose dependence. It is seen from figure 6.11 that ?V& remains constant, 
within the experimental errors, for doses up to lxlO14 C +/cm2 (samples M2, E O R - 1  
and EOR-2). As the loop density increases and the mean loop radius decreases (table 
5.7), we conclude that for doses up to lxlO14 C +/cm2, only a retardation of the coarsening 
process is achieved.
Figure 6.11: Variation of the number of atoms stored in the loops as a function of the implanted 
carbon dose for samples M 2  and EOR-1 to EOR-4 (see table 4.5). All samples were implanted 
with the same dose of Ge+ (2xl015 Ge+/cm2).
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For samples E O R - 3  and EOR-4, implanted with 3xl014 C +/cm2 and lxlO15 C +/cm2, 
respectively, the number of atoms stored in the loops is now seen to have decreased 
to (l±0.2)xl014 atoms/cm2 and (5±l)xl013 atoms/cm2, respectively, from which it is 
concluded that a dose of 3xl014 C +/cm2 is needed to retard significantly the nucleation 
of E O R  loops (table 5.7). The peak carbon concentration in this case is about 2.6xl019 
at./cm3, as evaluated from computer simulations [224]. Upon further increasing the peak 
volume concentration to about 9xl019 at./cm3 (sample EOR-4) the number of atoms 
in the loops is reduced to one third of the initial value (sample M2). It is assumed 
that in these samples the carbon and silicon atoms segregate to form small clusters. This 
supposition is supported by the SIMS analysis of sample E O R - 4  (see figure 6.12), showing 
’’trapping” of carbon at depths of 165 n m  and 205 nm, namely at both the upper and 
lower extremities of the band of dislocation loops, where the concentration of interstitial 
atoms is highest during nucleation.
Before achieving a dose sufficient for complete annihilation of the E O R  loops, it is 
found that a new family of extended defects (’’hairpin” dislocations) are formed, as found 
in sample EOR-5, implanted with 3xl015 C +/cm2. It has been suggested in section
6.3.2 that “hairpin” dislocations nucleate in the vicinity of the E O R  defects, when a 
critical population of excess interstitials below the a/c interface is exceeded. In our case 
these excess interstitials are produced during both the Ge+ and the C + implantations. 
Moreover, the carbon atoms which come to rest within the preamorphised silicon are 
expected to be incorporated substitutionally during SPEG, creating a region of tensile 
strain just above the defective E O R  layer, which is itself compressively strained. The 
consequential strain gradient across this narrow band of silicon could, therefore, be the
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Figure 6.12: Concentration depth distribution of carbon in sample EOR-4 obtained by SIMS. 
Sample implanted with 2xl015 Ge+/cm2 at 150 keV, followed by lxlO15 C +/cm2 at 65 keV and 
regrown at 1000° C for 15 sec.
cause for the formation of ’’hairpin” dislocations observed in sample EOR-5.
Finally the effective silicon interstitial trapping efficiency of carbon (nc) can be deter­
mined from the experimental results. In order to do so sample EOR-4, implanted with 
lxlO15 C +/cm2, has been considered, in which a clear effect on the nucleation of E O R  
has been observed. The number of interstitial atoms (N{) trapped by the carbon atoms is 
given by the sum of two terms. The first term is given by the ’’missing” atoms in the loops 
(Nm ) when carbon is present, that is the difference between the number of atoms trapped 
in the loops in the sample without carbon, (1.6±0.25)xl014 at./cm2, and the number 
measured in the sample with carbon, (0.5±0.1)xl014 at./cm2. The second term is given 
by the number of excess interstitials (N ic) formed during the carbon implant. According 
to the ”-hlu model [254] this number is equal or approximately equal to the carbon dose. 
Nevertheless in our case the carbon was implanted in a preamorphised structure, therefore
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we will only consider the fraction of the implanted carbon atoms which are located in the 
crystalline part of the sample, beneath the amorphous layer. Prom the SIMS profile of 
figure 6.12 this fraction is about (0.6+0.1) of the dose. The total number of interstitial 
atoms trapped by the carbon atoms is then:
Ni =  (Nm +  N ic) =  (1.1 ±  0.35) ■ 1014 +  (6 ±  1) ■ 1014 =  (7.1 ±  1.35) • 1014 + +  (6.7)
c m 2
The number of carbon atoms (Nc) involved in the trapping process is again given by
the number of the implanted carbon atoms which come to rest in the crystalline part of
the sample, that is N c =  N ic =  (6±l)xl014 at./cm2. The trapping efficiency (nc) is then:
Ni M m  +  (7.1 ±  1.35) • 1014 „ , 0 , n int
=  — 6 rifl'd*'" =  d -1 8 ±°'03) (6-8)
which is in good agreement with the value of 1.15 found by Gowern et al. [254], who 
used different experiments. It is to be noted that the value of nc strongly depends on the 
method used to count the atoms bound in the E O R  loops. In particular, an overestimation 
of N m would be obtained if a weak beam dark field imaging mode is not used, leading to 
erroneously large values of nc [255].
6 . 5  S y n t h e s i s  o f  S i / S i G e / S i  d e v i c e  s t r u c t u r e s
•It was shown in section 5.5 that all samples from wafers D 1  and D 2 , formed by Ge+ 
and C + implantation followed by silicon deposition by V P E  (see table 4.6), showed two 
lines of contrast when observed by X T E M .  The first was located at the bulk/epi interface 
and was observed before and after Si+ post-amorphisation. The second was observed 
as a background contrast in the layer of E O R  defects associated to the Ge+ implant in 
non post-amorphised samples and was still observed in post-amorphised samples, where
6.5. S Y N T H E S I S  O F  SI/SIGE/SI D E V I C E  S T R U C T U R E S 179
the Ge+-induced E O R  defects are removed by the Si+ implantation step. SIMS analysis 
of sample Dl-a indicated that carbon and oxygen are present in the structures with 
two concentration peaks located at the same depth as the lines of contrast observed by 
X T E M ,  from which we conclude that these features are associated with contamination at 
the bulk/epi interface prior to deposition of the silicon overlayer and are neither associated 
with the implantation nor with the regrowth processes. As the second line of contrast 
is located below the bulk/epi interface, it is suggested that it is associated with carbon 
or oxygen impurities introduced prior to silicon deposition, which are trapped by the 
Ge+-induced E O R  defects.
As it has been observed in the past [256, 257], the presence of carbon on the surface of 
a silicon substrate at the beginning of the deposition of an epitaxial layer can degrade the 
crystal quality of the deposited layer and result in the formation of extended defects. In 
our case such defects were only observed in samples co-implanted with C + ions to a dose 
of 1.3xl015 C +/cm2 prior to the deposition of the silicon cap with an increase in density 
when the dose was increased to 1.95xl015 C +/cm2 (see figure 5.35c and d). This indicates 
that the nucleation of these defects was due to both the original contamination as well as 
the implanted carbon.
X T E M  analysis of sample D3-d, formed by Ge+ implantation followed by silicon 
deposition by C V D  (see table 4.6), with and without post-amorphisation, indicated that 
the silicon cap was not single ciystal, despite annealing at 700°C for 20 min. It is suggested 
that the native oxide layer formed on the wafer surface prior to the silicon deposition was 
still present during the deposition step and prevented the cap growing epitaxially on the 
single crystal silicon substrate. Indeed the oxide layer is observed by X T E M  as a thin
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interface separating the silicon cap from the substrate (see figure 5.38). After annealing, 
the sample which underwent the post-amorphisation step contained a low density (of 
the order of 106/cm2) of small crystal grains (~60 n m  in diameter), whereas the sample 
without post-amorphisation contained a high density (4xl08/cm2) of randomly distributed 
crystal grains. From these observations we conclude that the CVD-deposited silicon layer 
contained an initial population of microcrystallites which were able to grow during the 
anneal, consistent with the theory of random nucleation and growth [258, 259]. Indeed, 
for an annealing temperature of 700°C, the predicted transient time ( t o ) ,  during which 
no nucleation occurs, that is the time required to grow crystal grains greater than the 
critical size, is 16 min, comparable to the duration of the annealing (20 min). The value 
of To varies with temperature and becomes equal to 20 min at a temperature of 694°C, in 
which case no nucleation at all would be expected. On the other hand, if an erroneous 
anneal temperature of 705°C was set, the predicted density of crystal grains after the 20 
min anneal will be 4xl07/cm2. This is one order of magnitude less than the measured 
value. It is therefore suggested that the initial population of microcrystallites present in 
the as deposited sample is annihilated by the post-amorphisation step leading to a fully 
amorphous layer prior to annealing.
From the results shown in this section it is concluded that when ion implantation and 
deposition methods are combined to produce Si/SiGe/Si layered structures, problems may 
arise due to the uneffective cleaning of the wafer surface prior to the deposition step. It has 
been shown that contaminants present on the surface prior to deposition are not removed 
by subsequent implantation and annealing but can be gettered by extended defects such 
as the E O R  loops. On the other hand, an oxide layer present on the surface prior to
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deposition is not removed during implantation and thus can inhibit epitaxial regrowth.
It is speculated that extra processing steps, necessary to overcome these problem asso­
ciated with layer deposition, would increase the fabrication costs, reducing the advantages 
of ’’partial” ion implantation. It is proposed therefore that an “all-implanted” route for 
the synthesis of Si/SiGe/Si device structures, as described in section 5.2, is the route that 
can exploit all the advantages given by ion implantation.
C h a p t e r  7
C o n c l u s i o n s  a n d  f u t u r e  w o r k
7 . 1  C o n c l u s i o n s
In this study we have characterised SiGe/Si heterostructures formed by Ge+ ion implan­
tation. T E M  and X R D  analysis have been used to investigate the formation of extended 
defects and the relaxation state of the various structures, respectively, while RBS analysis 
has been employed to determine the germanium distribution as well as the crystalline 
quality of the alloy layers before and after annealing. In addition, a series of Si/SiGe/Si 
device structures has been studied, where silicon deposition methods have been used in 
conjunction with Ge+ ion implantation. The main conclusions drawn from this study are 
summarised as following:
• Single crystal SiGe alloy layers have been fabricated by implantation of Ge+ ions at 
energies of 70 keV, 140 keV and 400 keV, followed by SPEG. The final structures 
contain a layer of E O R  defects at a depth corresponding to the a/c interface formed 
during the Ge+ implant. The structures implanted at 400 keV also contain ’’hairpin”
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dislocations nucleated in the vicinity of the E O R  defects and extending up to the 
surface.
® E O R  defects associated with the Ge+ implant are annihilated after post-amorphisa­
tion with 500 keV Si+ ions and replaced with dislocation loops at a depth of 1 pm. 
The ’’hairpin” dislocations observed in the structures implanted with 400 keV Ge+ 
are also annihilated after post-amorphisation.
• For each Ge+ implantation energy a critical value of the peak germanium concen­
tration exists above which the structures relax through the formation of extended 
defects nucleated in the vicinity of the peak of the germanium concentration depth 
profile and extending up to the surface. These defects appear in the form of stacking 
faults or ’’hairpin” dislocations, depending on the value of the the ratio (Q ) of the 
depth at which the defects are nucleated to the roughness of the a/c interface at 
that depth during SPEG.
• ’’Hairpin” dislocations observed under two different experimental conditions, namely 
in samples without a ’’post-amorphisation” step (dislocations nucleated from the 
E O R  defects) and with a ’’post-amorphisation” step (dislocations nucleated at a 
depth near the R p of Ge), have the same crystallographic orientation (dislocation 
arms close to the <1 1 4> direction) and the same Burgers vector (perfect disloca­
tions, b =  |a <1 1 0>). A  ’’strain relaxation model” has been proposed to explain 
the nucleation of ’’hairpin” dislocations from the E O R  defects.
® An empirical approach to the description of the relaxation of ion beam synthesised 
SiGe alloys, based on the evaluation of the elastic energy stored in the structures,
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has been developed, according to which a critical value of the elastic energy exists 
(~300 m j / m 2) above which ion beam synthesised SiGe alloys relax through the 
formation of extended defects. This approach successfully accounts for the results 
obtained in this work as well as in many other studies reported in the literature.
® For a regrowth temperature of 700°C, samples with a peak germanium concentration 
above the relaxation limit are found to be almost fully strained by X R D  analysis, 
despite the presence of extended defects, indicating that the energy transferred to 
the relaxation defects is very low. Complete strain relaxation is achieved after a 
second anneal step at 1000°C.
• C + co-implantation in samples with a peak germanium concentration above the 
relaxation limit results in the annihilation of the relaxation defects, where the im­
planted C + ions have a similar mean projected range to the Ge+ ions.
® C + co-implantation also reduces the E O R  defects associated with the Ge+ implants, 
if the C  concentration depth profile is centred on the a/c interface formed during the 
prior Ge+ implant. Under our experimental conditions it has been found that (i) at 
low carbon doses, up to lxl014 C +/cm2, corresponding to a volume concentration 
of 8xl018 atoms/cm3, only the rate of coarsening of the E O R  loops is affected. (ii) 
A  minimum dose of 3xl014 C +/cm2, corresponding to a volume concentration of 
2.6xl019 atoms/cm3, is needed to retard the nueleation of E O R  loops and silicon- 
carbon complexes are formed, (iii) ’’Hairpin” dislocations are formed before the 
complete inhibition of the formation of the E O R  loops is achieved, due to a high 
strain gradient across the width of the E O R  defect layer, (iv) The effective trapping
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efficiency of carbon has been found to be (1.18+0.03) interstitials per C atom.
• The combination of ion implantation and deposition methods to produce Si/SiGe/Si 
layered structures compatible with device dimensions requires extra processing steps, 
necessary to overcome problems associated with contaminants and/or native oxide 
layers present on the surface prior to deposition, which would result in an increase 
of the fabrication costs. An ” all-implanted” route to the synthesis of Si/SiGe/Si 
device structures is therefore envisaged, in order to make use of all the advantages 
given by ion implantation.
7 . 2  F u t u r e  w o r k
In this study it has been found that the relaxation of ion beam synthesised SiGe alloys 
occurs via the formation of stacking faults or ’’hairpin” dislocations, depending on the 
value of the ratio (Q ) of the depth at which the defects are nucleated to the roughness of 
the a/c interface at that depth during SPEG. In order to gain a better understanding of 
the relaxation process, it is suggested that the nature and origin of the relaxation defects 
should be further studied. The determination of the nature (intrinsic/extrinsic) of both 
SFs and ’’hairpin” dislocations could give more indications about the actual mechanism 
of formation of these defects. On the other hand, the evaluation of the ratio (Q ) could be 
improved by combining T E M  analysis with T R R  measurements, which provide a measure 
of the roughness of the a/c interface as a function of depth during regrowth. Another 
experiment which could be carried out in order to clarify the relation between the value 
of (Q) and the type of relaxation defects formed during SPE G  is to vary the depth at
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which the relaxation defects are nucleated using samples implanted with the same Ge+ 
dose and energy. This can be achieved by removing different surface layer thicknesses of 
the amorphous layer, using etching techniques, after the Ge+ implant and prior to SPEG.
The value of the elastic energy associated with the SiGe alloy layers (calculated using 
equation 6.5) depends on the elastic constants of the alloy, through the shear modulus 
(p) and the Poisson ratio (v), and the Ge+ implantation conditions, through the mean 
projected range (R p) and the standard deviation (AR p). The calculations have been 
performed using the elastic constants of bulk silicon and values of R p and A R p  obtained 
fitting a series of published experimental values. It is suggested that the calculations could 
be refined by using appropriate values of the elastic constants which take into account the 
presence of germanium in the alloys as well as the depth dependence of its concentration 
value. In addition, the accuracy of RBS measurements should be reviewed in order to 
improve the choice of Rp and A R p.
It is also suggested that in a future project, the effect of carbon in controlling the 
formation of Ge+-induced strain relieving defects has to be further studied in order to 
minimise the carbon amount to be introduced to avoid the formation of extended defects. 
X R D  analysis should be employed in conjunction with T E M  to monitor the strain level 
in the structures co-implanted with C + ions.
To fully exploit the results obtained in this work and in view of future applications of 
ion beam synthesised SiGe alloys in the microelectronic industry, device studies should be 
initiated, to investigate the effect of the various processing steps during device fabrication 
on the relaxation state of the SiGe alloys. Our research group at the University of Surrey 
is currently involved in a 3-year E P S R C  research project aimed to the realisation of ion
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beam synthesised SiGe HBTs, where these problems are being studied. For example, self­
annealing effects during Ge+ implantation at high beam currents (required to increase 
the wafer throughput) are being investigated as well as effects related to other critical 
processes such as oxidation steps, dopant introduction and annealing conditions. Finally, 
lateral effects related to ion implantation through masks, are also studied, where computer 
simulations are used in conjunction with T E M  analysis to determine the extension of the 
amorphous regions formed during the Ge+ implantation step.
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A p p e n d i x  A
P r e p a r a t i o n  o f  T E M  s a m p l e s
The samples prepared for both PVTEM and XTEM were thinned to electron transparency 
using a combination of mechanical and ion beam thinning. Briefly the procedure was as 
follows:
1. Preparation of samples for plan view observations
® Cleave SiGe wafers into small samples (typically 2x2 mm2).
® Clean sample surface with trichloroethylene, acetone and isopropyl alcohol.
® Grind and polish sample from the bottom side to a thickness of about 30 gm, using 
silicon carbide and aluminium oxide grinding papers with grain size of 15 fim and 
3 y m, respectively.
® Mount the thin sample onto a 3 mm copper grid using silver dag.
® Load the sample into the ion beam miller (Model: Gatan 600).
© Bombard the sample using a single Ar+ beam accelerated to 5 keV with an angle of 
incidence of 15° until electron transparency of the sample is obtained. The beam is 
directed to the bottom of the sample, whilst the sample surface is protected with a 
glass to avoid deposition of the material sputtered from the opposite side.
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2. Preparation of samples for cross section observations
© Cleave SiGe wafers into small samples (typically 3x10 mm2).
® Clean sample surface with trichloroethylene, acetone and isopropyl alcohol.
® Glue two samples together (top surface in contact) using an epoxy resin.
® Cut the glued sample into 500 /am thin sections using a diamond saw.
® Grind and polish the 500 /am sections down to a thickness of about 30 /am, using 
silicon carbide and aluminium oxide grinding papers with grain size of 15 /am and 3 
/am, respectively. In some cases, a polishing cloth sprayed with a liquid suspension 
containing diamond particles of 1 /am has been used to achieve a final thickness of 
'-'-45 /am.
® Mount the thin section onto a 3 mm copper grid using silver dag.
• Load the sample into the ion beam miller (Model: Gatan 600).
@ Bombard the sample using a dual Ar+ beam accelerated to 5 keV with an angle of 
incidence of 15° until electron transparency of the sample is obtained.
A p p e n d i x  B  
T a b l e  o f  s a m p l e s
This table summarises the details of all samples studied in this work. Germanium ions 
were implanted at energies of 70, 140, 150, 200 and 400 keV, which are referred to as low 
(70 keV, prefix ”L”), medium (140, 150 and 200 keV, prefix ”M ”) and high (400 keV, 
prefix ”H ”) energies. Samples co-implanted with C+ ions are indicated with a “C ” suffix 
where the carbon distribution is coincident with the germanium distribution, or with an 
“E O R ” prefix where the C+ ion energy was chosen so that the carbon distribution is 
centred on the “End Of Range” defects formed during regrowth of the amorphous layer 
formed by the Ge+ implantation. Finally, structures formed by Ge+ ion implantation 
followed by Si deposition are indicated with the letter “D ”. Further details about the 
samples are given in chapter 4.
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